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ABSTRACT 
Low moisture foods such as grains, seeds, spices and flour are part of our daily diet. 
While they are rich in bioactive compounds, they can be minimally processed or often consumed 
raw. Several outbreaks due to Salmonella and E. coli O157:H7 have been attributed to low 
moisture foods. The efficacy of vacuum steam pasteurization in inactivation of Salmonella PT 
30, E. coli O157:H7 and E. faecium on whole flaxseed, quinoa, sunflower kernels, milled 
flaxseed and whole black peppercorns was determined. The impact of pasteurization on 
microbial shelf life of whole and milled flaxseed was also monitored along with their water 
activity. Vacuum steam pasteurization was effective at inactivation of each bacteria, providing 
>5.0 log CFU/g reduction at temperatures as low as 75 and 85C. Also, there was no negative 
impact on microbial shelf life or water activity on pasteurized flaxseed as compared to 
unpasteurized products.  
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INTRODUCTION 
Food products are vulnerable to contamination by pathogens that can cause foodborne 
illnesses, hospitalizations or death. Salmonella, Listeria monocytogenes and Escherichia coli 
O157:H7 are three major pathogens of concern in ready to eat food products(1). Salmonella is 
the most frequently occurring pathogen in contamination of low moisture foods that are involved 
in outbreaks and recalls. A few foodborne outbreaks have also been attributed to E. coli 
O157:H7 contamination in low moisture foods (2).  
Salmonella has been shown to be heat resistant in low moisture foods (3-5). Several 
inactivation methods have been explored to eliminate pathogens in such foods (6-10) with dry 
heat used mainly for treatment of various nuts. However, inactivation processes such as dry heat, 
oil roasting, high pressure processing, irradiation, and other methods have their own advantages 
and disadvantages when used as a treatment method for low moisture foods. While one 
technology might be best for one product type, it may not be feasible for another. In addition, it 
is necessary to maintain the chemical and physical properties of the foods and their quality 
during the treatment process. Spoilage organisms can also be naturally present in low moisture 
foods and an increase in their numbers to 107 – 109 CFU/g can lead to spoilage (11). While their 
water activity is low, treatment processes can increase the water activity (aw) of these foods 
affecting growth of microorganisms, and other chemical and sensory properties. Hence, it is also 
important to investigate if the processing method impacts the naturally present microbiota and 
the moisture content.  
In this study, I have explored the use of vacuum steam pasteurization to inactive 
pathogens in low moisture products such as whole flaxseed, milled flaxseed, quinoa, sunflower 
kernels and whole black peppercorns. Most of the seeds for my experimental selection are 
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usually consumed raw or if processed, have the post processing potential for contamination. 
Inactivation data for bacterial pathogens on these seeds are minimal or non-existent. On the other 
hand, there are hundreds of studies conducted on the health benefits of usage of these foods 
leading to increased consumption of these products over the recent years. My goal was to fill in 
the gaps of knowledge for inactivation of Salmonella and E. coli O157:H7 on such foods with 
the use of vacuum steam pasteurization. 
Vacuum steam pasteurization is a technology that utilizes steam under vacuum to treat 
low moisture food products. The efficiency of vacuum steam pasteurization to inactivate 
Salmonella phage type 30 and Escherichia coli O157:H7 from low moisture products such as 
whole flaxseed, milled flaxseed, quinoa, sunflower kernels and whole black peppercorns was 
evaluated in this thesis research. Enterococcus faeciumwas investigated as a surrogate for these 
pathogens when using vacuum steam pasteurization. In addition, the data obtained from the 
inactivation study was used to generate survival curves using the modified Weibull and 
Geeraerd-tail models (12, 13). Moreover, microbial shelf life and water activity of vacuum steam 
pasteurized whole and milled flaxseed was evaluated for periods of 6 and 9 months, respectively. 
The overall outcomes of this study will help determine the efficiency of vacuum steam 
pasteurization to improve quality and safety of low moisture foods. The industry should be able 
to successfully utilize vacuum steam pasteurization to treat low moisture foods for safe 
consumption. 
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LITERATURE REVIEW 
Epidemiology of Salmonella and E. coli O157:H7 
It is estimated that each year in the United States 31 pathogens cause 37.2 million 
illnesses of which 3.6 million (39%) are due to bacterial infection. It is estimated that Salmonella 
causes the second most foodborne illnesses (1.0 million) and is the leading cause of 
hospitalizations (19,336 cases, 35%)  and deaths (378 cases, 28%)  associated with foodborne 
illnesses per year (14). E. coli O157:H7 causes an estimated 63,153 illnesses, 2138 
hospitalizations and 20 deaths per year (14). Of total Salmonella enterica illnesses from 1998-
2008, 13.0 % were attributed to fruits and nuts and 2.9 % were attributed to grains and beans. Of 
total illnesses due to Shiga toxin producing E. coli O157, 21.1% and 0.7% were attributed to 
fruits and nuts and grains and beans, respectively (1).  
From 2010-2015 there were 5 outbreaks due to Salmonella in low moisture foods (nut 
butter, peanut butter, tahini sesame sauce, Turkish pine nuts, and black and red pepper salami), 
causing 310 illnesses, 65 hospitalizations, and 1 death (15). In addition, the number of recalls 
due to Salmonella is alarmingly high for low moisture products. There were 46 instances of 
recalls in 2015 alone due to possible Salmonella contamination in various products such as flax 
powder, whole flaxseeds, sunflower kernels, organic coriander powder, macadamia nuts, and 
cashew splits. Also, the total number of recalls in low moisture products due to possible 
Salmonella contamination were 22, 9, 34 and 10 for the years 2014, 2013, 2012, and 2011, 
respectively (16). In the years 2003-2011, 238 and 104 recalls due to Salmonella were observed 
in nuts and edible seeds and spices, respectively. Of the total outbreaks due to E. coli O157:H7 
from the years 2003-2012, 65% were due to contaminated foods; beef and leafy vegetables 
together were the source for >25% of all the reported outbreaks (17). Other food sources linked 
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to these outbreaks were cheese, fruits, sprouts, and low moisture foods (flour and nuts) (17). 
Also, one recall each due to E. coli O157:H7 was observed in nuts and edible seeds and bakery 
goods from 2003-2011 (18).  
Salmonella and its pathogenesis 
Salmonella is a Gram-negative, facultative anaerobic, motile, non-lactose fermenting 
bacteria that belongs to the family Enterobacteriaceae (19). Salmonella was first isolated by 
Salmon and Smith in 1886 from pigs and was considered to exist as a secondary pathogen during 
viral swine fever (20). Several animals are found to be asymptomatic carriers of Salmonella. 
However, Salmonella is shown to cause infections both in human beings and some animals. This 
pathogen is usually found in soil and water exposed to fecal contamination. Most human 
infections result from the ingestion of foods of animal origin that are contaminated with 
Salmonella. Non-animal vehicles include food of plant origins such as vegetables, fruits, nuts, 
water.(21). Non-typhoidal Salmonella infections result in gastroenteritis and enteric fever. Acute 
gastroenteritis is self-limiting and may not require antimicrobial therapy (22). However, in 
approximately 5% of Salmonella infections patients may develop bacteremia that leads to 
complications such as endovascular infections, osteomyelitis and abscesses(22). The risks of 
increased bacteremia are observed in children and immuno-compromised patients, and 21% of 
the bacteremic patients subsequently develop focal infections, including septic arthritis, 
pneumonia, and cutaneous abscess (22).  
As few as 10-100 Salmonella cells can cause an infection (23). Samples of suspected 
chocolate from the outbreak in 1986 showed as little as 4.3 to 24.0 MPN of S. nima per 100 g of 
product (23). Similarly, other outbreaks due to peanut dressing, bean sprouts, and spinach with 
peanut dressing showed cell counts of 4.3 MPN/g, 40 CFU/g and 1.4 MPN/g, respectively, in the 
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outbreak samples with infectious dose of 344 cells, 880 cells and 49 cells, respectively (24). A 
dose-response model incorporating data from Salmonella outbreaks in Japan showed that ID50 
of 7 CFU/g and 36 CFU/g was enough to cause an infection and illness in 50% of mice, 
respectively (25).  
E. coli O157:H7 and its pathogenesis 
E. coliO157:H7 is a gram negative, rod-shaped, facultative anaerobic bacteria. An 
outbreak investigation of hemorrhagic colitis in 1982 in Oregon and Michigan was linked to the 
first outbreak of E. coli O157:H7 that infected 47 people after eating at a fast-food restaurant 
chain (26). Prior to that, the only other known isolation of E. coli O157:H7 was from a sporadic 
case of hemorrhagic colitis in 1975 (26). In 1993, undercooked ground beef patties were 
implicated in a large outbreak causing 501 infections, 151 hospitalizations, 45 cases of 
Hemolytic Uremic syndrome (HUS), and three deaths (27). Since then, E. coli O157 has been 
attributed to several foodborne outbreaks and has emerged as a major foodborne pathogen.  
E. coli O157:H7 causes severe stomach cramps, bloody diarrhea, vomiting and fever. 
While most infections are mild, 5 to 10% of infections can cause complications such as HUS, 
leading to permanent kidney damage or death (28). Fecal contaminated water and soil are the 
major sources of this pathogen. Cattle and wild animals are also found to serve as reservoirs, 
which in turn contaminate the irrigation water sources and produce fields. Hence, foods may be 
directly contaminated in the fields due to the usage of contaminated irrigation water, run off from 
cattle farms, and wildlife activities (29-31). Beyond the cultivation fields, several food 
processing stages are vulnerable to contamination, such as harvesting, processing, packaging, 
storage, shipment, and food preparation through contaminated equipment, improper sanitation 
measures and ill trained unhygienic employees (28, 32). The food processing facilities may be 
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contaminated from these processing steps and harbor pathogens in their environment leading to 
future cross-contaminations.  
The infectious dose of E. coli O157:H7 is shown to be less than 100 CFU/g or MPN (33). 
In an E. coli O157:H7 outbreak associated with raw beef liver with infection rate of 100%, the 
contamination level and ingested dose was found to be 0.04- 0.18 CFU/g and 2 - 9 CFU, 
respectively. Similarly, in an outbreak due to E. coli O157:H7 in cooked hamburger patties, the 
contamination level and ingested dose was found to be 1.45 CFU/g and 108-216 CFU, 
respectively (34). 
Economic burden of foodborne illnesses 
Foodborne illnesses are expensive. There are economic losses due to medical costs, 
productivity losses and illness-related mortality. Costs for hospital services, physician care and 
laboratory services, pharmaceuticals, work-absence, and tradeoff for fatality risks are included in 
economic losses (35). In addition, losses occur due to pain, suffering and functional disability, all 
of which are measured as lost quality of life (QALY) (35). Enhanced costs are estimates of both 
economic costs and QALY. The average estimated cost per foodborne illness was estimated to 
be $1626 and the total estimated annual cost of illnesses was $77.7 billion. Total cost due to non-
typhoidal Salmonella and E. coli O157:H7 (Shiga toxin-producing E. coli) related foodborne 
illnesses accounted for $11,391 million and $635 million per year, respectively (35). Salmonella 
and E. coli O157:H7 rank as the 1st and 8th most costly pathogens (14, 35).  
Besides the costs of foodborne illnesses, food recalls also add to the economic burden for 
the industries and consumers. Food recalls occur when a food is likely contaminated with an 
organism of concern. As mentioned earlier, there were several recalls due to possible Salmonella 
contamination and a few due to E. coli O157:H7 in low moisture foods. There are several costs 
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associated with a food recall, primarily is warranted. First of all, there is loss of the value of the 
recalled product. Other costs include product recovery and disposal of the recalled products. In 
addition, product recalls may result in loss of consumer confidence. 
Low moisture foods 
Food products with water activity (aw) less than 0.7 are considered low moisture foods. 
Water activity is the ratio of vapor pressure of water in the food to that of distilled water at 25C. 
Nuts, dried fruits, edible beans, flour, baking mixes, spices, lentils, seeds and grains are a few 
examples of low water activity foods. Water availability is an important factor for microbial 
growth. Bacterial growth is impaired at lower water activity levels. Salmonella and E. coli 
O157:H7 require a minimum of 0.92 and 0.95 water activity levels, respectively, for growth (36). 
While low water activity does not support the growth of bacteria, it has been shown that these 
pathogens can survive for long periods of time in low moisture foods (36).  
Survival of Salmonella in low moisture food is also dependent upon several factors, such 
as storage temperature and product type (37). Increased survival is observed at decreasing water 
activity levels and lower storage temperatures (38, 39). Salmonella inoculated at 4.0 and 5.0 log 
CFU/g on almonds and pistachios, respectively, showed survival for up to a year when stored at 
24°C. Similarly, E. coli O157:H7 survived for 203 and 365 days on almonds and pistachios, 
respectively, when stored at 24°C. However, no decline was observed for both Salmonella and E. 
coli O157:H7 on almonds or pistachios when stored at 4°C and -19°C (40).  
Several other studies show survival of different strains of Salmonella in matrices such as 
pasta, peanut butter, paprika powder for ≤ 12 months, ≤ 24 weeks and > 8 months, respectively 
(41, 42). Death of Salmonella and E. coli O157:H7 increases with increase in aw, as observed on 
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alfalfa seeds (43). In addition to all these, Salmonella is also shown to survive for long periods of 
time in processing environments and on equipment surfaces (44).  
Heat resistance of Salmonella in low moisture foods 
The health and economical costs due to Salmonella and E. coli O157:H7 are substantial 
and it is necessary to understand the behavior of these pathogens in low moisture foods in order 
to eliminate them successfully. Salmonella in low moisture foods are found to be heat resistant 
and may be influenced by matrix type, aw of the product, storage conditions, and type of 
inactivation method used. After storage at 4C, almonds were exposed to hot oil treatment at 
121C for 0.720.09 and 1.30.17 minutes that provided 4.0 to 5.0 CFU/g log reduction for 
Salmonella, respectively (45). However, when almonds were subjected to hot oil roasting at 
121C after storage at 23C, 4.0 or 5.0 CFU/g log reduction was achieved after 1.20.31 and 
2.00.50 minutes of treatment, respectively (45). Longer time was required for inactivation of 
Salmonella on walnuts as compared to almonds. Treatment of almonds and walnuts provided 
different D10 values of 0.2260.039 and 0.4740.062, respectively when treated with low-energy 
X-ray inactivation methods at same water activity levels of 0.2. Changes in water activity did not 
impact D value when exposed to X-ray inactivation (10).  
However, usually decreasing the aw of a low moisture food increases the resistance of 
pathogens when using most inactivation methods. When alfalfa seeds were treated at 70C at 
varied aw of 0.25, 0.42 and 0.59, the highest and lowest log reduction was observed at aw levels 
of 0.59 and 0.25, respectively (43). Heat treatment of peanut butter at 90C for 50 minutes 
reduced Salmonella by 3.2 log CFU/g (46). Similarly, heating wheat flour at 75 -77C for 2.5 
minutes (5) and pecan nutmeats at aw of 0.52 at 120C reduced Salmonella only by 1.0 log 
CFU/g (4). While it is difficult to remove Salmonella from low water activity foods, their low 
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infectious doses and high infection rates increase the risks of infections. Studies which show that 
there may be increased risks when Salmonella are present particularly in low moisture foods. 
The fatty nature of some of the low moisture foods, mainly nuts and seeds, also helps in evading 
the acidic condition in the stomach (23). In addition, some low moisture products such as nuts, 
flour, and dried fruits might be minimally processed or consumed raw. One example of an 
outbreak due to E. coli O157:H7 was due to consumption of raw cookie dough tainted with E. 
coli O157:H7 contaminated raw flour (2).  
Selection of strains for inactivation study 
Salmonella enterica serovar Enteritidis phage type 30 was isolated from patients infected 
with Salmonella after having consumed raw almonds in 2000-2001 during an outbreak in Canada 
and the United States. The source of Salmonella PT 30 was linked to three farms growing the 
almonds. Previously, Salmonella PT 30 had been isolated from human cases in the United 
Kingdom (48, 49), broiler carcasses, pig feces, and humans in Korea (50). Since then, 
Salmonella PT 30 has been widely used in inactivation studies involving several technologies 
such as high hydrostatic pressure, moist air convection heating, gas catalytic infrared heat, X-ray 
Irradiation, hot air treatment, oil roasting and radio frequency energy (4, 9, 51-53).  
Similarly, E. coli O157:H7 RMID 0509952 was implicated in a huge outbreak in Sakai, 
Japan in 1996 which resulted in 9,451 cases and caused 12 deaths. E. coli O157:H7 was linked to 
consumption of uncooked white radish sprouts (54).  
Selection of low moisture foods 
An objective of this thesis research was to investigate the efficacy of vacuum steam 
pasteurization to inactivate Salmonella PT 30, E. coli O157:H7 and E. faecium on low moisture 
foods. Among several inactivation methods, dry roasting and blanching are commonly used for 
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nuts such as almonds, pistachios, pecans and walnuts. However, these processes involve heat 
treatment at high temperatures for long period of pasteurization times. Blanching uses hot water 
which may not be appropriate for all foods such as for flaxseed, quinoa or milled flaxseed. High 
pressure processing and radio frequency has not been greatly explored in treatment of low 
moisture foods. Irradiation has shown effective treatment of low moisture products without 
changes in sensory attributes of walnuts and almonds but consumer concerns may exist due to 
use of irradiation. 
Vacuum steam pasteurization 
Vacuum steam pasteurization uses steam under vacuum that can operate at pasteurization 
temperatures above and below 100C. The pasteurization system may include pre-heat treatment 
and cooling steps before and after vacuum steam pasteurization, respectively. Vacuum steam 
treatment process is the inactivation process and the pre-heat treatment is only to facilitate 
homogenous distribution of steam during steam treatment, whereas the cooling step lowers the 
temperature of treated product post pasteurization if needed. Products to be treated are placed in 
a sterilizer metal bin and are subjected to the pasteurization process. The vacuum steam 
treatment process works in four steps: initial vacuum, pre-vacuum, pasteurization, and post 
vacuum. The time and pressure can be adjusted as needed at each cycle dependent upon matrix 
type except at the pasteurization cycle, where the pressure is dependent upon the set temperature. 
The pasteurization cycles can only be conducted in batches and a cycle lasts approximately 20 to 
25 minutes, which is dependent upon the set time for initial and pre-vacuums, pasteurization and 
post vacuum steps. No research has been extensively conducted using vacuum steam 
pasteurization that shows detailed time, temperature, and pressure parameters. In this study, the 
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parameters used during the pasteurization and the microbial shelf life study has been well 
explained with intricate details for various food matrices.  
Enterococcus faecium as a surrogate organism 
While I want to quantify the inactivation of Salmonella and E. coli O157:H7 from low 
moisture foods, it is also important to establish a surrogate organism for these pathogens when 
using vacuum steam pasteurization. The industry can use non-pathogenic bacteria to validate 
their pasteurization system without worries of contaminating their facility with pathogenic 
bacteria. E. faecium is a Gram-positive commensal bacteria in human and animal intestines and 
some strains of these bacteria can cause nosocomial infections (55). In addition, more than 90% 
of E. faecium strains that cause diseases are multidrug resistant (56). However, Enterococcus 
faecium NRRL B-2354 (ATCC 8459) has been shown to contain fewer mobile elements, 
antibiotic resistance, and virulence genes(57). Some well-known virulence genes may be present 
but they have been found to remain as nonfunctional copies (57). Hence, E. faecium ATCC 8459 
has been widely used as a surrogate microorganism for Salmonella in validation of thermal 
processing technologies. The parameters of thermal inactivation such as D values or number of 
log reductions of E. faecium are found to be similar to that of Salmonella. However, E. faecium 
may behave differently in different treatment systems. Hence, it is necessary to measure the 
behavior of E. faecium as compared to Salmonella and E. coli O157:H7 when using vacuum 
steam pasteurization. Food industries can utilize such findings to validate their inactivation 
systems using a non-pathogenic strain.  
Model fitting for microbial survival curves 
Predictive microbiology provides the ability to mathematically describe the phenomenon 
of bacterial survival or decline. Survival curves are generated with observed counts after 
  12 
exposure of bacteria under certain stress conditions. These curves can be fitted to a mathematical 
model with desired parameters that provide relevant information about thermal death time (D 
values and Z values), inactivation rates, and shape of inactivation (58). These values obtained 
after experimentation over myriad ranges of treatment conditions such as temperature, and time 
provide the ability to predict the nature of bacterial inactivation without the need of further 
experimental data. These abilities to predict the behavior of microorganisms are often helpful in 
determining the safety of food processing, such as cooking and storage. Hence, predictive 
microbiology aids in safe implementation of Hazard Analysis Critical Control Point (HACCP) 
providing increased understanding of process behavior to achieve desired inactivation of 
microorganisms (59, 60). Moreover, these survival curves can also be used as an essential tool in 
microbial food safety risk assessment with information on levels of inactivation obtained after 
pasteurization (61, 62). Survival curves are often dependent upon intrinsic factors that are the 
properties of food being treated, such as aw, pH, matrix shape/size, bulk density, and extrinsic 
factors such as temperature and pressure of treatment conditions.   
While survival curves can be of first order (log linear), recently it has been shown that in 
several instances the microorganisms, such as Salmonella, show non-log linear survival (13, 39). 
In this study, the observed survival curves were non-log linear with a shoulder and a tailing 
effect. Hence, the modified Weibull and Geeraerd-tail models, which are, used to best-fit 
survival curves of non-linear nature or curves with a shoulder and a tailing effect was used in my 
experiment (12, 13).  
Shelf life study 
It is important to determine if there is any effect on the naturally occurring microbial 
flora on the low moisture foods after processing. Shelf life is the amount of time during which a 
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food can be consumed safely without any noticeable change to color, flavor, and texture. Raw 
products usually have higher amounts of natural microbes present on them. The measurement of 
total aerobic plate count (APC), yeast and mold, and Bacillus cereus provides an indication of 
spoilage. In a study by Postollec et al (63)found that 86% of raw products (dried vegetables, 
spices, egg mix powder, texturing agents) were contaminated with Bacillus species. Bacillus 
species causes rope formation in bread, shortening their shelf life (64). Similarly, yeast and mold 
growth on bread is a major concern for bread spoilage. Molds and fungus growth can be visually 
observed on bread, which not only causes discolorations of the bread, but can also be toxic if 
consumed.  
Pasteurization of low moisture products using vacuum steam pasteurization may reduce 
the number of spoilage organisms. Decreasing the natural microbes would reduce the food 
spoilage due to these bacteria and enhance the microbial shelf life of these pasteurized products. 
However, steam treatment may increase the amount of moisture in the pasteurized products. The 
increased moisture content in low moisture products may negatively impact the shelf life of these 
products by helping the growth of surviving microbiota or by affecting other chemical properties 
such as, peroxide values and fatty acid contents. Hence, it is necessary to evaluate if the vacuum 
steam pasteurization not only inactivates pathogens but also decreases the natural microbial flora 
without significant effect on aw, which in turn would help enhance the shelf life of the treated 
low moisture products. 
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EFFICACY OF VACUUM STEAM PASTEURIZATION FOR INACTIVATION OF 
SALMONELLA PT 30, ESCHERICHIA COLI O157:H7 AND ENTEROCOCCUS 
FAECIUM ON LOW MOISTURE FOODS 
Abstract 
With increasing demand for foods with bioactive compounds, low moisture foods such as 
flaxseeds, sunflower kernels, peppercorns, and quinoa have been studied a great deal for their 
health benefits and disease prevention. Such foods may be minimally processed and consumed 
raw, and several outbreaks of Salmonella, and E. coli O157:H7 have been attributed to 
contaminated spices, seeds and grains. Previous studies show that these pathogens are more 
resistant to dry heat in low moisture foods and processes such as chemical treatments and 
blanching may have negative effects on product quality and functionality (65, 66). It is important 
to investigate inactivation methods to minimize risks due to pathogens in such foods with 
minimum impact on product quality and functionality. Vacuum steam pasteurization uses steam 
under vacuum, which can be operated at temperatures below 100C. The objective of this study 
was to determine the efficacy of vacuum steam pasteurization in inactivation of pathogens on 
whole flaxseed, quinoa, sunflower kernels, milled flaxseed and whole black peppercorns. The 
use of E. faecium as a potential surrogate for Salmonella and E. coli O157:H7 in vacuum steam 
pasteurization was also investigated. In addition, survival curves were generated using the 
modified Weibull and Geeraerd-tail models. Pasteurization for 1 minute at 75C yielded average 
log reductions of 5.48±1.22, 5.71±0.40 and 5.23±0.61 on flaxseed, 4.29±0.92, 5.89±0.26 and 
2.39±0.83 on quinoa, and 4.01±0.74, 5.40±0.83 and 2.99±0.92 on sunflower kernels for 
Salmonella PT 30, E. coli O157:H7 and E. faecium, respectively. Similarly, on milled flaxseed 
and black peppercorns average log reductions of 3.02±0.79 and 6.10±0.64 CFU/g were observed 
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for Salmonella PT 30 after 1 minute of treatment at 75C.  On average, >6.0 log reductions were 
observed after pasteurization at 85C. The predicted  and Kmax values from modelling shows 
similar findings to the log reductions observed in the inactivation studies. Vacuum steam 
pasteurization can be effectively used to reduce pathogens in these low moisture foods at 
temperature as low as 75 and 85C and E. faecium may be used as a potential surrogate for 
Salmonella PT 30 and E. coli O157:H7 with careful considerations of treatment time and 
temperatures. 
Introduction 
Low moisture foods such as seeds, grains and spices have been demonstrated to have 
beneficial nutrients such as antioxidants, dietary fiber, proteins, lignans, omega acids, and many 
other bioactive compounds (67-69). While foods such as flaxseed, quinoa, sunflower kernels and 
peppercorns have been consumed since ancient times, their consumption may be increasing with 
increasing awareness of their health benefits. These foods may be assumed to be safe for 
consumption in their raw form, though recent outbreaks of Salmonella and E. coli O157:H7 
associated with low moisture foods would suggest otherwise.  
Salmonella is a major pathogen of concern in low moisture foods with increased 
outbreaks and recalls in recent years. In the U.S., E. coli O157:H7 has also been attributed to a 
few outbreaks in low moisture foods. Of total Salmonella enterica illnesses from 1998-2008, 
13.0 % were attributed to fruits and nuts and 2.9 % were attributed to grains and beans (1). 
Similarly, 21.1% of total illnesses due to E. coli O157 was attributed to fruits and nuts, and and 
0.7% were attributed to grains and beans (4). In the years from 2010-2015, there have been five 
outbreaks due to Salmonella in low moisture foods (nut butter, tahini sesame sauce, Turkish pine 
nuts, and red black pepper salami) causing 310 illnesses, 65 hospitalizations, and one death (15). 
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In addition, the number of recalls due to Salmonella was alarmingly high for low moisture 
products in 2015. There were 46 instances of recalls in 2015 due to possible Salmonella 
contamination in various products such as milled flaxseed, whole flaxseeds, sunflower kernels, 
organic milled coriander, macadamia nuts, and cashew splits. Also, the total number of recalls in 
low moisture products due to Salmonella contamination were 10, 34, 9, 22 for the years 2011, 
2012, 2013, and 2014, respectively (16). Similarly, in the years 2003-2011, 238 recalls due to 
Salmonella were observed in nuts and edible seeds, and 104 recalls were seen in spices. One 
recall each, due to E. coli O157:H7, was also observed in nuts and seeds, and bakery goods (18). 
The practices of cultivation, processing, and packaging increases risks of contamination 
by pathogen in foods (3, 31). The estimated annual risks due to pathogen contamination in nuts 
and dried fruits rank anywhere from moderate to high for number of illnesses, hospitalizations 
and deaths(1). Thermal processes such as dry heat are widely used to inactivate pathogens on 
nuts and edible seeds (4, 45, 70). However, they are effective at inactivation of pathogens only at 
high treatment temperatures after long pasteurization times. High treatment temperatures may 
also have negative impact on the chemical and physical properties, and loss of nutrition (71). 
Besides heat treatment, there are several other inactivation methods such as irradiation, 
fumigation, and high pressure processing explored for inactivation of pathogens in low moisture 
foods. However, most of these technologies are evaluated for inactivation of pathogens on 
almonds and walnuts. Implementation of the Food Safety Modernization Act (FSMA) to 
encompass preventative control measures would require the food industry to show adequate 
reduction of pathogens of concern in foods of all types (72). 
Vacuum steam pasteurization uses steam under vacuum to operate at temperatures above 
or below 100C for microbial inactivation, and then removes the steam with post vacuum cycles. 
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There were three major objectives of this study. The first objective of this study was to determine 
the efficacy of vacuum steam pasteurization in inactivation of pathogens on whole flaxseed, 
quinoa, sunflower kernels, milled flaxseed and whole black peppercorns. Next, the use of E. 
faecium as a potential surrogate for Salmonella and E. coli O157:H7 in vacuum steam 
pasteurization was also investigated. Lastly, survival curves were generated for Salmonella PT 
30, E. coli O157:H7 and E. faecium after pasteurization at 75 and 85C using the modified 
Weibull and Geeraerd-tail models to predict survival behavior of these bacteria in the tested low 
moisture products. 
Materials and Methods 
Inoculation of foods 
Raw whole and milled flaxseed (Linnum usitatissimum), quinoa (Chenopodium quinoa), 
sunflower kernels (Helianthus annuus), and whole black peppercorn (Piper nigrum) were 
obtained from local commodity suppliers. Upon receipt, these products were tested negative for 
Salmonella and E. coli. Then, each product was separately mixed and then packaged into Mylar 
bags (Uline Inc., Pleasant Prairie, WI) and sealed. These bags were stored at room temperature 
until inoculation for inactivation studies.  
Salmonella entericasubsp. enterica serovar Enteritidis PT 30 (ATCC BAA-1045) and 
Enterococcus faecium NRRL B-2354 (ATCC 8459) were obtained from the American Type 
Culture Collection (Manassas, VA) and Escherichia coli O157:H7 (RMID 0509952) was 
obtained from the Thomas S. Whittam STEC Center (Michigan State University, East Lansing, 
MI). The cultures were stored at -80C in Brain Heart Infusion Broth (BHI) (Difco, Becton 
Dickinson, Sparks, MD) with 10% glycerol. The cultures were streaked onto BHI agar plates and 
were incubated overnight at 35C. An isolated colony was transferred to 5ml BHI broth and was 
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incubated at 35C static for 20 hours. Cultures were spread plated in the amount of 250 µl onto 
BHI agar plates (100 mm x 15 mm) and were incubated at 35C for 24 hours. The resulting lawn 
of culture from a single BHI plate was sufficient to provide a target inoculum level of ~7-8 log 
CFU/g when added to 100g of product.  
2.2kg of each product were required for one complete replicate of the inactivation study. 
Hence, 22 BHI agar plates were used for bacterial lawn growth for each replicate. Lawn culture 
from 11 BHI agar plates was collected with a sterile hockey stick (Fisher Scientific, Waltham, 
MA) into a beaker containing 2.5 ml of sterile water and was stirred well using an inoculating 
loop (Fisher Scientific, Waltham, MA). The 2.5 ml bacterial suspension was poured into 1.1kg 
product in a whirl pak bag (Nasco, Fort Atkinson, WI). The culture in the product was mixed and 
massaged for 5 minutes. The same procedure was followed for the remaining 1.1kg of the 
product. For milled flaxseed, 2.2kg was divided into three bags and each bag was inoculated with 
2.5ml of inoculum. After mixing, the bags were transferred to a sterile stainless steel tray (12" X 
9") for water activity (aw) equilibration. Salmonella PT 30, E. coli O157:H7 and E. faecium were 
inoculated separately onto the food products following the same procedure to obtain ~7-8 log 
CFU/g count. All the inoculation procedures were conducted in class II biosafety cabinet. 
aw equilibration 
Water activity (aw) was measured using an Aqualab 4TE aw meter (Aqualab, Pullman, 
WA).  The aw of the raw products increased upon inoculation. Following inoculation, 2.2 kg of 
the inoculated product in the stainless steel tray was placed in a closed chamber (Coleman 
cooler 24" X 16", Coleman Company, Inc., Kingfisher, OK). Approximately 25-50 g of 
Magnesium chloride 6-Hydrate crystal (Avantor Performance materials, Inc., Center valley, PA) 
or Lithium chloride anhydrous 99% -20 Mesh (Alfa Aesar, Ward Hill, MA) were weighed in 
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plastic weigh boats (Fisher Scientific, Waltham, MA) and was saturated with water. These boats 
were placed in the closed chamber (Coleman cooler 24" X 16", Coleman Company, Inc., 
Kingfisher, OK) with the inoculated product to equilibrate the aw to the initial level (10). The 
water activity was equilibrated to the original level within 24hours. Inactivation experiments 
were conducted at the equilibrated aw. 
Assessing homogeneity of inoculation 
Before conducting the inactivation studies, multiple samples of the inoculated and aw 
equilibrated foods were plated to enumerate inoculated bacteria to ensure homogenous 
distribution of inoculum in the food products. Immediately after inoculation, two 25g samples of 
food with each bacteria type was plated in duplicates on Luria Bertani agar plates (Difco, Becton 
Dickinson, Sparks, MD). Then, eight 25g samples were plated in duplicates 24, 48, and 72 hours 
post inoculation for each product type.  
Heat resistance test 
To verify appropriate heat resistance of the inoculum in each product, guidelines 
provided by the Almond Board of California for using E. faecium NRRL B-2354 as a surrogate 
microorganism in almond process validation were used(73). After aw equilibration, 100g of each 
inoculated product with each inoculum type were held at 280°F for 15 minutes in an Isotemp 
oven (Fisher Scientific, Waltham, MA, model no. 6903). Three 25g samples of each inoculum 
were plated in duplicates on LB agar to quantify bacteria survival.  
Vacuum steam pasteurization 
The vacuum steam pasteurization system at the pilot plant facility of Napasol North 
America (Fargo, ND) was used to conduct the pasteurization studies. Vacuum steam 
pasteurization (SMC, Statisol 50, model no. NA 07) uses steam under vacuum to obtain 
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treatment temperatures below 100C (Figure A1). The pasteurization system works in three 
steps: pre-heat treatment, steam treatment and cooling (Figure 1). The steam treatment is the 
inactivation step and the pre-heat treatment is mainly to alleviate the temperature of raw product 
to a pre-determined set level in order to help facilitate homogenous distribution of steam during 
the steam treatment. Products to be treated are filled in a sterilizer metal bin (Statisol) and are 
subjected to the pasteurization process. The steam treatment process works in four steps: initial 
vacuum, pre-vacuum, pasteurization, and post vacuum (Figure 1). The amount of time and 
pressure can be adjusted as needed at each cycle dependent upon matrix type except at the 
pasteurization cycle, where the pressure is dependent upon the set temperature. 
 
 
 
 
 
 
 
Figure 1. Vacuum steam pasteurization process diagram  
 
 
Pre-heat treatment 
(by forced hot air) 
 
Steam Pasteurization 
(closed system) 
 
Cooling      
(by cold air flow) 
 Initial vacuum 
 Pre-vacuum 
 Steam Pasteurization 
 Post vacuum 
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Pasteurization conditions 
After aw equilibrations the inoculated seeds were divided into 25g portions and were 
placed into cotton bags (Uline, Pleasant Prairie, WI). Three bags of each bacterial strain were 
treated at each pasteurization condition and represent one biological replicate for that bacteria 
and product combination. The sterilizer bin was filled with product specific to the inoculated 
samples (45.0 kg for whole flaxseed, quinoa, and sunflower kernels, and 22.5kg for milled 
flaxseed and black peppercorns) and was pre-heated as needed using forced dry heat (Table A3). 
In this experiment, whole flaxseed, quinoa, and whole black peppercorns were pre-heated to 
40±3C, and sunflower seeds and milled flaxseed were pre-heated to 60±3C, and 50±3C, 
respectively, using forced dry heat (Table A4). After pre-heating, if needed, the nine inoculated 
bags and three temperature data loggers were sandwiched halfway in the product in the sterilizer 
bin. Then, the sterilizer bin was loaded for vacuum steam treatment. Pasteurization temperatures 
of 75, 85, 95and 105C were chosen to conduct the inactivation experiments. Data loggers 
(Madge Tech, Inc., Warner, NH) were used to measure the temperature readings during the 
processing cycles (Table A4). However, during processing the observed temperature fluctuated 
from the set points. The treatment condition, which includes the measured pre-pasteurization, 
pasteurization and post pasteurization temperatures, will be referred to as the set pasteurization 
temperature (Table A4). At 75 and 85C, pasteurization was conducted for 0.5, 1, 2, 3, 4, and 5 
minutes and at the higher treatment temperatures of 95 and 105C, pasteurization was conducted 
for 1, 2, 3, and 4 minutes. After vacuum steam treatment, the inoculated bags were retrieved and 
left to cool down for ~15 minutes at room temperature. The product used in the sterilizer bin was 
cooled to below 45C if no pre-heat treatment was required before starting inactivation study at 
another condition. Three inoculated samples that were taken to the pilot plant facility but 
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untreated were used as controls. The pasteurization cycles can only be conducted in batches and 
hence, to obtain one replication of the experiment at all temperatures and pasteurization times for 
a product, 20 pasteurization cycles were conducted. Approximately, a cycle lasted 20-25 minutes 
dependent upon the set pasteurization parameters.  
Enumeration of surviving bacteria  
The samples were weighed in a sterile plastic bag (Whirl-pak, Nasco, Fort Atkinson, WI) 
and Butterfield dilution buffer was added in appropriate amounts. These bags were homogenized 
or massaged for 90 seconds and appropriate serial dilutions were spread plated in duplicate on 
non-selective agar manually or using Spiral plater Autoplate 4000 (Spiral Biotech, Norwood, 
MA). Luria Bertani agar plates were used to enumerate Salmonella PT 30, E. coli  O157:H7 and 
Enterococcus faecium after pasteurization of whole flaxseed, quinoa, and sunflower kernels 
whereas modified Tryptic soy yeast extract agar (TSAYE) supplemented with ammonium ferric 
citrate and sodium thiosulfate (Difco, Becton Dickinson, Sparks, MD) was used to enumerate 
Salmonella PT 30on milled flaxseed and whole black peppercorns (74). The respective agar 
plates were incubated at 37±2C for 48 hours. Following the incubation, the colonies were 
counted using a Q-Count reader model 350 (Advanced Instruments Inc., Norwood, MA).  
Model fitting for microbial survival curves 
Two models, the modified Weibull (12) and Gerraerd-tail (12) models, were used to 
generate survival curves for each bacteria at 75 and 85C using GInaFiT Version 1.6. The 
equations with their parameters are listed and defined below. 
Albert and Mafart modified Weibull model: 
      N= (No-N_res)10**(-((t/)**p))+ N_res                                   (Eq. 1) 
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Where N is the population at time t (CFU/g), Nois the population at time 0 (CFU/g), N_res is the 
heat resistant population, t is the time in minute, delta is the time of the first decimal reduction 
concentration, and p defines the shape of the curve (concavity or convexity).  
Gerraerd-tail model: 
                                                 N= (No- N_res) * exp(-kmax * t) + N_res                             (Eq. 2) 
Where N, No, N_res, and t are defined as above, and Kmax is the maximum specific inactivation 
rate (min-1) 
Statistical Analysis 
Pasteurization of each inoculated product at each set temperature was repeated three 
times providing nine data points at each pasteurization condition for each bacterial strain. The 
duplicate counts obtained in CFU/g were averaged and log transformed using Microsoft Excel. 
The limit of detection (LOD) was used as the count for samples with no colony detected. Log 
reductions were calculated by subtraction of the log CFU/g from the observed unpasteurized 
control CFU/g. Analysis of Co-variance (ANCOVA) was conducted using Proc GLM in SAS 
V.9.4 (SAS Institute, Cary, NC). For ANCOVA, log reduction was considered as the dependent 
variable. Temperature and time measurements during pre-pasteurization, pasteurization, and 
post-pasteurization were included as dependent variables. Based on LS means adjusted for the 
significant interactions, adjusted p values were used. Survival curves were generated in 
Microsoft Excel 2013 using GinaFiT Version 1.6 add-in freeware (75).  
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Results 
Inoculation and aw equilibration 
The inoculum levels of each bacteria on each product were confirmed and their heat 
resistance was verified prior to conducting the pasteurization experiments. Inoculation of 
Salmonella PT 30, Escherichia coli and Enterococcus faecium resulted in ~7 to 8 log CFU/g for 
each product (Table A1). When stored for three days after inoculation, <0.5 log CFU/g decline in 
CFU/g were observed (Table A1). Heat resistance tests performed after aw equilibration on the 
tested foods following the Almond Board of California (ABC) protocol showed on average <2.5 
log CFU/g reduction (Table A2). Inactivation studies were conducted on these foods at 
equilibrated aw of approximately 0.35, 0.54, 0.50, 0.45 and 0.42 for whole flaxseed, milled 
flaxseed, quinoa, sunflower kernels and whole black peppercorns, respectively (Table 1). As 
inoculations were conducted on each product separately for each bacteria, the aw was 
equilibrated separately (Table 1). 
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Table 1. Water activity of inoculated foods with control counts 
Product  
Before 
Inoculation Bacteria 
aw After 
Inoculationa 
 
aw After 
Equilibrationa 
 
Unpasteurized (Controls) 
Log CFU/g                  
at  
75/85°Ca 
Log CFU/g                    
at 
95/105°Ca 
whole flaxseed 
 
Salmonella   
PT 30 
0.438 ± 0.02 0.349 ± 0.02 8.08 ±0.17 8.11 ± 0.10 
0.325 ± 0.05 
E. coli  
O157:H7 
0.421 ± 0.02 0.358 ± 0.02 7.90 ± 0.29 7.94 ± 0.11 
 E. faecium 0.432 ± 0.01 0.361 ± 0.02 7.41 ± 0.22 7.44 ± 0.14 
quinoa 
 
Salmonella 
PT 30 
0.550 ± 0.17 0.494 ± 0.12 8.22 ± 0.18 8.01 ± 0.29 
0.513 ± 0.16 
E. coli  
O157:H7 
0.554 ± 0.02 0.489 ± 0.07 7.92 ± 0.31 7.85 ± 0.29 
 E. faecium 0.551 ± 0.02 0.488 ± 0.02 7.39 ± 0.17 8.02 ± 0.30 
sunflower 
kernels 
 
Salmonella 
PT 30 
0.505 ± 0.03 0.436 ± 0.04 8.17 ± 0.22 8.31± 0.11 
0.445 ± 0.03 
E. coli  
O157:H7 
0.501 ± 0.04 0.438 ± 0.05 8.03 ± 0.18 7.89 ± 0.44 
 E. faecium 0.505 ± 0.05 0.446 ± 0.03 7.85 ± 0.18 7.91 ± 0.23 
milled 
flaxseed 
0.567 ± 0.05 
Salmonella 
PT 30 
0.605 ± 0.01 0.543 ± 0.05 7.81 ± 0.15 7.92 ± 0.42 
black 
peppercorns 
0.417 ± 0.04 
Salmonella 
PT 30 
0.553 ± 0.06 0.419 ± 0.04 7.80 ± 0.16 7.76 ± 0.08 
aaverages and standard deviations for 3 replicates are reported 
Pasteurization temperature, time and vacuum settings 
Pasteurization was conducted for 0.5, 1, 2, 3, 4 and 5 minutes at 75 and 85C, and for 1, 
2, 3 and 4 minutes at 95 and 105C for all the tested foods. The pre-pasteurization temperatures 
were selected based on preliminary experiments to provide homogenous distribution of steam 
and temperature in the chosen food matrix. However, once the pasteurization cycles started, the 
time required to reach the set pasteurization temperature from the pre-heat temperature lasted a 
few seconds to a maximum of 3 minutes (Table A4). Similarly, after pasteurization was 
completed, the time required to reduce the temperature to the pre-heat temperature ranged from 
10-15 minutes (Table A4).Usually, these pre-pasteurization and post-pasteurization times with 
their corresponding temperatures increased with higher set pasteurization temperatures (Table 
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A4). ANCOVA showed that pre-and post-pasteurization temperatures and times had significant 
effect along with pasteurization time and temperature on bacterial reductions. Hence, LS means 
were adjusted for the significant interactions and the Tukey adjusted p values were used. 
Pasteurization of whole flaxseed 
Inoculated Salmonella PT 30, E. coli O157:H7 and E. faecium on whole flaxseed ranged 
from 7.410.22 to 8.110.10 log CFU/g (Table 1). Pasteurization for 30 seconds at 75C yielded 
an average log reduction of 2.241.17, 2.501.36 and 1.810.58 for Salmonella PT 30, E. coli 
O157:H7 and E. faecium, respectively, (Figure 2), which were significantly less than average log 
reductions of 5.481.22, 5.710.40 and 5.230.61 for each strain after 1 minute of pasteurization 
at 75C (Figure 2), (adj.p<0.05). On average, greater than 6.0 log CFU/g reduction was observed 
after pasteurization for longer than 1 minute at 75C for Salmonella and E. coli O157:H7. For 
each bacteria, pasteurization at 75C resulted in similar log reduction during pasteurization times 
of 1 to 5 minutes (adj.p>0.05). At each pasteurization time, the average log reduction for all 
bacteria were not significantly different from each other (adj.p>0.05) except for Salmonella PT 
30 and E. faecium after 4 minutes of pasteurization at 75C (adj.p<0.05)(Figure 2). 
Pasteurization at 85C for 30 seconds significantly increased the average log reduction to 
5.590.14 and 5.250.02 and 4.970.21, respectively, for Salmonella PT 30, E. coli O157:H7 
and E. faecium when compared to the log reduction observed after 30 seconds of pasteurization 
at 75C (adj.p<0.05) (Figure 2). There were no significant differences in log reduction for each 
bacteria after 30 seconds of pasteurization at 85C (adj.p>0.05). Increasing the pasteurization 
time to 1 and 2 minutes yielded an increase in log reduction on average by 0.5 CFU/g and by 1.0 
CFU/g at 3 and 5 minutes, respectively at 85C, but these were not significantly different from 
log reduction after 0.5 minutes (adj.p>0.05). The maximum log reduction was achieved at 3 
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minutes of pasteurization at 85C as no further significant increases in inactivation was observed 
with increase in pasteurization time for each bacteria (adj.p>0.05). Pasteurization at 95 and 
105C for all bacteria resulted in ≥6 CFU/g log reductions irrespective of treatment times 
(adj.p>0.05) (Figure 2). Also, similar average log reductions were achieved by pasteurization at 
75C for 1 minute, 85C for 0.5 minutes, 95C for 1 minute, and 105C for 1 minute for all 
bacteria (adj.p>0.05).  
 
Figure 2. Average log reduction in CFU/g as observed after vacuum steam pasteurization on 
whole flaxseed for Salmonella PT 30, E. coli O157:H7 and E. faecium at treatment temperatures 
of 75, 85, 95 and 105C. Log reductions are average of 9 data points and error bars denote 
standard deviation. 
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Pasteurization of quinoa 
Inoculated Salmonella PT 30, E. coli O157:H7 and E. faecium on quinoa ranged from 
7.390.17 to 8.220.18 log CFU/g (Table 1). Pasteurization at 75C for 30 seconds yielded on 
average 4.090.67, 5.830.31, and 2.450.74 log CFU/g reduction for Salmonella PT 30, E. coli 
O157:H7 and E. faecium, respectively (adj.p<0.05) (Figure 3). Interestingly, increasing 
pasteurization times to 3 and 4 minutes at 75C increased the log reduction by approximately 1.0 
log CFU/g for all bacteria, but a decrease in log reduction after pasteurization for 5 minutes was 
observed. For each bacteria, pasteurization at 75C resulted in similar log reduction during 
pasteurization times of 1 to 5 minutes (adj.p>0.05).  
Pasteurization at 85C for 30 seconds resulted in greater than 6.0 log CFU/g reduction for 
Salmonella PT 30 and E. coli O157:H7 (Figure 3). However, for E. faecium 6.0 log CFU/g 
reductions were observed only after pasteurization for 3 and 4 minutes. Increase in pasteurization 
time at 85C did not yield significantly different log reductions for each bacteria (adj.p>0.05). 
The log reductions were similar for Salmonella PT 30 and E. coli O157:H7 at all treatment times 
at 85C, but were only similar to E. faecium after pasteurization for 3-5 minutes (adj.p>0.05). 
Similar average log reductions were observed for Salmonella PT 30, E. coli O157:H7 and E. 
faecium, respectively, at pasteurization temperatures of 95C, which were not different from 
those observed at 105C (adj.p>0.05). Also, log reductions observed after pasteurization for 0.5 
minutes at 85C for each strain were not significantly different from their respective log 
reductions obtained after 1 minute of pasteurization at 95 and 105C (adj.p>0.05) (Figure 3).  
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Figure 3. Average log reduction in CFU/g as observed after vacuum steam pasteurization on 
quinoa for Salmonella PT 30, E. coli O157:H7 and E. faecium at treatment temperatures of 75, 
85, 95 and 105C. Log reductions are average of 9 data points and error bars denote standard 
deviation. 
 
Pasteurization of sunflower kernels 
For sunflower kernels, the initial log CFU/g ranged from 7.850.18 to 8.310.11 for 
Salmonella PT 30, E. coli O157:H7 and E. faecium (Table 1). Pasteurization for 30 seconds at 
75C resulted in similar average log CFU/g reduction of 3.921.18, 4.851.33 and 3.140.58 for 
Salmonella PT 30, E. coli O157:H7 and E. faecium, respectively (adj.p>0.05) (Figure 4). For E. 
coli O157:H7, pasteurization at 75C yielded similar log reduction of ~5.0 (adj.p>0.05). 
However, >5.0 log reduction for Salmonella PT 30 was achieved after 4 and 5 minutes of 
pasteurization. For E. faecium, a maximum of only 3.890.72 log CFU/g reduction was observed 
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at 75C after pasteurization for 4 minutes, which was not significantly different from log 
reductions at 1,2,3, and 5 minutes of pasteurization (adj.p>0.05) (Figure 4). 
Pasteurization at 85C resulted in similar log reductions of >6.4 log CFU/g for E. coli 
O157:H7 (adj.p>0.05) at all pasteurization times. For Salmonella PT 30, log reduction of 
6.750.28 CFU/g was observed after pasteurization for 4 minutes, which was similar to log 
reductions after pasteurization at all times at 85C (adj.p>0.05) (Figure 4). On average, log 
reduction of 6.380.41 CFU/g was observed after pasteurization for 3 minutes at 85C for E. 
faecium, which was not significantly different from log reductions obtained at any other 
pasteurization times (adj.p>0.05). Log reductions observed for E. faecium at 85C after 
pasteurization for 3,4 and 5 minutes were similar to log reductions of Salmonella PT 30 and E. 
coli O157:H7 at these conditions (adj.p>0.05) (Figure 4). Pasteurization at 95 and 105C yielded 
on average log reductions of greater than 6.24 CFU/g at all treatment time for all bacteria with 
the highest reduction of 7.050.25 observed for Salmonella PT 30 at 95C after pasteurization 
for 2 and 3 minutes (Figure 4). The log reductions observed at 95 and 105C for Salmonella PT 
30, E. coli O157:H7 and E. faecium were not significantly different from each other at any 
pasteurization times (adj.p>0.05) (Figure 4).  
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Figure 4. Average log reduction in CFU/g as observed after vacuum steam pasteurization on 
sunflower kernels for Salmonella PT 30, E. coli O157:H7 and E. faecium at treatment 
temperatures of 75, 85, 95 and 105C. Log reductions are average of 9 data points and error bars 
denote standard deviation. 
Pasteurization of milled flaxseed  
Inoculation of Salmonella PT 30 on milled flaxseed resulted in 7.810.15 log CFU/g for 
inactivation at 75 and 85C and 7.920.42 log CFU/g for inactivation at 95 and 105C (Table 1). 
At 75C, the lowest average log reduction of 2.211.06 CFU/g and the highest average log 
reduction of 4.010.79 CFU/g was observed after pasteurization for 0.5 and 4 minutes, 
respectively (Figure 5). There were no significant differences in log reductions for Salmonella 
PT 30 after pasteurization at 1, 2, 3, 4 and 5 minutes at 75C (adj.p>0.05). Vacuum steam 
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pasteurization at 75C did not result in a log reduction of 5.0 log CFU/g on milled flaxseed. 
Pasteurization for 30 seconds at 85C yielded an average log reduction of 5.561.31 CFU/g 
whereas, an average log reduction of 6.770.47 CFU/g was observed after 4 minutes 
(adj.p<0.05). Pasteurization at 85C resulted in similar log reductions at 1, 2, 3, 4 and 5 minutes 
(adj.p>0.05). Log reductions observed after 1 to 5 minutes of pasteurization at 85C were not 
significantly different from log reductions at 1 to 5 minutes of pasteurization at 75C 
(adj.p>0.05). At 95 and 105C no colonies were detected (LOD 1.0 log CFU/g) at any 
pasteurization conditions providing same log reduction of 6.920.42 CFU/g (adj.p>0.05) (Figure 
5). The log reduction observed at 75C after 1 minute of pasteurization was similar to log 
reductions observed at 95 and 105C (adj.p>0.05) (Figure 5).  
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Figure 5. Average log reduction in CFU/g as observed after vacuum steam pasteurization on 
milled flaxseed for Salmonella PT 30 at treatment temperatures of 75, 85, 95 and 105C. Log 
reductions are average of 9 data points and error bars denote standard deviation. 
Pasteurization of whole black peppercorns 
Inoculation of Salmonella PT 30 on black peppercorns resulted in 7.800.15 log CFU/g 
for inactivation studies at 75 and 85C and 7.760.08 log CFU/g for inactivation studies at 95 
and 105C (Table 1). Pasteurization on peppercorns at 75C for Salmonella PT 30 resulted in 
similar log reductions of 5.640.97, 6.100.64, 6.380.58, 6.670.26, 6.380.59, and 6.560.36 
CFU/g after pasteurization at 0.5, 1, 2, 3, 4 and 5 minutes, respectively (adj.p>0.05) (Figure 6). 
Similarly, average log reductions of 5.402.45, 6.600.30, 6.670.23, 6.620.35, 6.430.51 and 
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6.670.23 CFU/g were observed after treatment at 85C for 0.5 to 5 minutes, respectively 
(adj.p>0.05). Pasteurization at 95C for 4 minutes yielded an average log reduction of 6.600.30 
CFU/g, which were similar to log reductions at all pasteurization times at 95 and 105C 
(adj.p>0.05). Interestingly, there were no significant differences in log reduction observed after 
0.5 minute of pasteurization at 75C and any other pasteurization times at 85, 95 and 105C 
(adj.p>0.05) (Figure 6). 
 
Figure 6. Average log reduction in CFU/g as observed after vacuum steam pasteurization on 
whole black peppercorns for Salmonella PT 30 at treatment temperatures of 75, 85, 95 and 
105C. Log reductions are average of 9 data points and error bars denote standard deviation. 
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Survival curves 
As the survival rates were non-log linear, the modified Weibull and Geeraerd-tail models 
were used to generate survival curves (Table 2). The goodness of fit of data generated through 
use of both of these models was tested by comparing the f value against F table value at 95% 
Confidence (76). The f values were observed to be smaller than the F table value (F 
DFmodel/DFdata). Given the nature of the curves as non-log linear, the modified Weibull model 
was expected to have lower Mean-sum of squared error (MSSE) values compared to those 
generated by Geeraerd-tail model for log-linear models. However, lower MSSE values were 
observed with Geeraerd-tail model on 17/ 22 occasions as shown in bold (Table 2). The non-log 
linear curves showed a shoulder and a tailing effect and hence, Geeraerd-tail model provided the 
best fit of data.  
The Kmax is the maximum specific inactivation rate (min-1) obtained through the 
Geeraerd-tail model where the highest Kmax value indicates more rapid inactivation. At all 
instances, E. faecium had the lowest Kmax values showing lower inactivation rates than 
Salmonella PT 30 and E. coli O157:H7 as suggested by the lower log reductions of E. faecium 
(Table 2). Also, Kmax values were smallest for E. faecium and largest for E. coli O157:H7 on 
quinoa and sunflower kernels at 75C pasteurization, which agrees with inactivation results that 
showed lowest log reduction for E. faecium and highest log reductions for E. coli O157:H7 on 
quinoa and sunflower kernels (Table 2). 
The  value obtained through the modified Weibull model is the time in minutes required 
to obtain the first log reduction in bacteria. Similarly, the p parameter explains the shape of the 
curve and shows if there is a shoulder effect. As expected, the  values were low for these 
products at both of these treatment temperatures. The highest  value for Salmonella PT 30 was 
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observed to be 0.35 minutes on quinoa when treated at 75C and the lowest  value of 0.02 
minutes was observed at 75C for Salmonella PT 30 on milled flaxseed (Table 2). Interestingly, 
 values for Salmonella PT 30 at 75C were lower than that at 85C for milled flaxseed and 
equal at both temperatures for black peppercorns. The highest  value observed for E. coli 
O157:H7 was 0.31 on whole flaxseed at pasteurization temperature of 75C and the lowest (0.23 
minute) on quinoa (Table 2). Similar to the findings on milled flaxseed,  values for treatment on 
quinoa at 75C was found to be lower than the treatment at 85C for E. coli O157:H7 and E. 
faecium. The highest  value for E. faecium was observed to be 0.31 after treatment at 85C on 
sunflower kernels. The  values on whole flaxseed for E. faecium were the same irrespective of 
pasteurization temperatures. Also, the  values were greater after treatment at 85C than after 
treatment at 75C on sunflower kernels for E. faecium. For all instances where the  values were 
observed to be greater at 85C than at 75C for the same product type, the p values were also 
observed to be greater showing higher upward concavity (Table 2).  
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Table 2. Parameters estimated through use of modified Weibull and Geeraerd-tail model 
 
abolded RMSE value highlights the model that was best fit for each product/bacteria/temperature 
 
 
   Modified Weibull  Geeraerd-tail 
Product Temp Bacteria  p RMSEa 4D  kmax RMSE
a 4D 
whole 
flaxseed 
75°C 
Salmonella 
PT 30 
0.22 1.12 0.7632 ±0.75 
 
12.71 0.7598 ±0.75 
E. coli  
O157:H7 
0.31 2.42 0.6665 ±0.6 
 
13.62 0.637 ±0.7 
E. faecium 0.28 1.33 0.3673 ±0.85  12.16 0.3974 ±0.8 
85°C 
Salmonella 
PT 30 
0 2.36 0.4135 ±0.05 
 
27.71 0.3584 ±0.35 
E. coli  
O157:H7 
0 2.4 0.3375 ±0.05 
 
27.48 0.2679 ±0.35 
E. faecium 0.28 2.93 0.4034 ±0.5  25.03 0.4 ±0.4 
quinoa 
75°C 
Salmonella 
PT 30 
0.35 4.15 0.9452 ±0.5 
 
19.17 0.9372 ±0.5 
E. coli  
O157:H7 
0.23 1.9 0.6993 ±0.5 
 
- - - 
E. faecium 0.02 0.24 1.0042 -  11.73 1.0452 - 
85°C 
Salmonella 
PT 30 
0 2.47 0.4329 ±0.05 
 
30.82 0.4146 ±0.3 
E. coli  
O157:H7 
0.26 2.79 0.4911 ±0.45 
 
29.87 0.487 ±0.35 
E. faecium 0.28 3.04 0.5155 ±0.45  27.58 0.5112 ±0.35 
sunflower 
kernels 
75°C 
Salmonella 
PT 30 
0.04 0.49 1.0684 ±0.7 
 
18.34 1.0731 ±0.55 
E. coli  
O157:H7 
0.26 1.9 1.1977 ±0.55 
 
22.94 0.9088 ±0.45 
E. faecium 0 1.41 0.7664 -  15.43 0.746 - 
85°C 
Salmonella 
PT 30 
0 2.36 1.0348 ±0.05 
 
22.3 0.8889 ±0.45 
E. coli  
O157:H7 
0 2.35 0.3509 ±0.05 
 
31.37 0.3386 ±0.3 
E. faecium 0.31 2.77 0.8645 ±0.55  10.63 0.8285 ±0.9 
milled 
flaxseed 
75°C 
Salmonella 
PT 30 
0.02 0.24 0.9252 - 
 
9.42 0.9689 - 
85°C 
Salmonella 
PT 30 
0.27 2.81 0.9354 ±0.45 
 
25.84 0.9276 ±0.4 
black 
peppercorn 
75°C 
Salmonella 
PT 30 
0.25 2.57 0.557 ±0.45 
 
26.36 0.5523 ±0.35 
85°C 
Salmonella 
PT 30 
0.25 2.5 0.9706 ±0.45   24.98 0.9625 ±0.4 
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Discussion 
Inoculation of low moisture foods  
To assess inactivation of pathogens by a specific processing technique, low moisture 
foods are typically inoculated with a high level of pathogen (7-8 log CFU/g) in order to detect a 
5 log reduction. In addition, the inoculum should show sufficient thermal resistance prior to 
conducting inactivation studies. At the same time, inoculation tends to increase the moisture 
content that needs to be addressed before the pasteurization study (77, 78). However, a single 
inoculation protocol may not be the best for all types of food matrices. In order to inoculate 
whole flaxseed, quinoa, sunflower kernels, milled flaxseed and whole black peppercorns, 
modifications to existing inoculation methods were investigated and used in this study. The 
inoculation method resulted in ~7-8 log CFU/g for all three bacteria Salmonella PT 30, E. coli 
O157:H7 and E. faecium on 2.2 kg of food matrices. In this study, BHIA grown bacteria were 
dislodged into 5-10 ml of water then transferred to the food matrices. The bacteria were spread 
over these matrices from seed to seed by massaging and shaking which mimics a scenario where 
contamination may occur due to contaminated water and spread within a food matrix. Using the 
inoculation protocol described in this study, the counts on each product for each bacteria did not 
appear to decrease by greater than 0.5 log CFU/g during storage for three days. Also, use of 
Magnesium chloride and Lithium chloride salts were efficient at equilibrating aw to the initial 
level as described by Jeong et al.(10).  
Approximately 8.0 log CFU/g was achieved by Danyluk et al., using 25 ml of TSB grown 
Salmonella culture to inoculate 400g of almonds (79). Given the nature of foods tested in my 
experiment, it was in my best interest to use minimal amount of inoculum suspended in water in 
the ratio of 1 ml to 440 g to minimize increase in aw, which helped to equilibrate aw within 24 
  39 
hours. A study by Enache et al.(80, 81),used talc inoculated with Salmonella and E. faecium to 
transfer to peanut paste but preparation of inoculated talc required lengthy drying and sieving 
procedure before transfer to peanut paste. A similar study by Blessington et al.(81), used sand 
and chalk to inoculate Salmonella on walnuts and almonds. In their study, 35ml of culture were 
used to inoculate 200g of sand and 62.5 ml of culture were used to inoculate 200 g of chalk, and 
after drying and sieving they were mixed with almond or walnut kernels at sand-to-nut ratios of 
5, 25, or 50 g per 200 g. The inoculation procedure yielded inoculation levels of approximately 
4.0 log CFU/g of Salmonella PT 30 which is not high enough to achieve 5-6 log reduction during 
an inactivation study but rather helpful for survival studies.  
Bowman et al.(82) inoculated whole black peppercorns and cumin seeds following both 
dry and wet inoculation method which yielded 5.52 log CFU/g for dry transfer and 8.15 CFU/g 
for TSB grown culture on peppercorns, and 6.79 CFU/g for dry transfer and 6.89 CFU/g for TSB 
grown culture on cumin seeds. The dry inoculum showed to be more resistant over 28 days of 
storage but again the initial level of inoculation did not reach as high at 7-8 log CFU/g. However, 
when following the dry inoculation method, the ratio of inoculated sand to seed was very high 
(i.e. 25 g to 50 g) and the amount of seeds inoculated were only 100 g for each seed type. To 
inoculate a product as much as 2.2 kg would require a lot of inoculum. Also, it has been shown 
that agar plate grown bacteria shows greater resistance than broth grown culture (83). Hence, 
culture grown on 22 BHIA plates (100 X 15mm) was selected to inoculate sufficient amount of 
food matrices in the ratio of 1 BHIA plate culture to 100 g of each product. In addition, the 
thermal resistance test conducted after inoculation and aw equilibration in this study showed, on 
average, less than 2.5 CFU/g log reduction following Almond Board of California protocol (73). 
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Vacuum steam pasteurization of low moisture foods 
An inactivation technique for low moisture food products is recommended to achieve a 
minimum of 4.0-5.0 log CFU/g reduction for a pathogen (77, 78). Pathogens in low moisture 
foods are shown to be resistant to thermal heat treatments, which typically yield low reductions. 
Hence, alternative methods have been studied and new methods are being explored for use in 
inactivation of pathogens in low moisture foods. Treatment of Salmonella on immersion- 
inoculated pecan nutmeat pieces and halves by hot air treatment at 120C for 20 minutes yielded 
a log reduction of 1.26 and 1.18 log CFU/g, respectively (4). In the same study, dry-inoculated 
pecan nutmeats pieces and halves after treatment at 120C for 20 minutes yielded log reduction 
of 2.36 and 2.43, respectively. Only at temperatures of 160 or 170C for 15 minutes were able to 
achieve reductions >6 and >7 CFU/g for dry and immersion-inoculated nutmeats, respectively. 
The high treatment temperatures may not affect sensory and chemical properties of nuts but can 
impact the quality and functionality of other seeds, grains and flour.  
The results in my study show that vacuum steam pasteurization is effective at >5.0 log 
CFU/g reduction of Salmonella PT 30 and E. coli O157:H7 at treatment temperatures of 75 and 
85C just after a few minutes of pasteurization for various kinds of low moisture foods. 
However, it is necessary to note that there was variability in death rates between replicates, 
mainly at 75C, as observed in treatment of quinoa for Salmonella PT 30 and E. faecium, with 
lower reductions observed at 5 minutes. Previously, inactivation studies done on almonds with 
steam showed that ~ 4.6 and ~8.5 log CFU/g reductions was observed for Salmonella PT 30 after 
treatment for 25 and 65 seconds, respectively at 95C (84). These results appear similar to the 
results obtained in this study, but for different types of food matrices. A study by Lee et al., on 
nonpareil and mission almonds when subjected to steam produced by boiling water showed log 
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reductions of 3.730.48 and 2.050.12 CFU/g after 25 sec of treatment at 931C (85). In the 
same study, 5.760.38 and 4.100.62 log CFU/g reduction was obtained after 65 sec of 
treatment for Salmonella Enteritidis for each product type at 931C. Ban et al.(6), obtained log 
reductions of 3.8 and 2.4 CFU/g for E. coli O157:H7 and Salmonella Enteritidis PT 30 
respectively, with the use of saturated steam at 100C for 15sec on almonds. Also, log reductions 
of 3.0 and 3.3  CFU/g was obtained after saturated steam treatment at 100C for 30sec for E. coli 
O157:H7 and S. Enteritidis PT 30 on pistachios (6). However, combination of superheated steam 
for 70sec followed by catalytic infrared heat treatment for 70sec yielded log reduction of 
Salmonella by 5.73 log CFU/g (52). Higher log reductions, as in my studies, may be due to the 
fact that the steam was applied in a closed system with initial pre-vacuum providing homogenous 
distribution of steam and causing higher log reductions as compared to an open system. Also, the 
types of food matrices tested here could have an effect in the differences observed for the 
different amount of log reductions observed.    
Several other methods have been investigated for inactivation of pathogens in low 
moisture foods. High hydrostatic pressure (HHP) was investigated for inactivation of Salmonella 
Enteritidis on almonds, which resulted in a log reduction of 0.51 CFU/g after pressurizing the 
almonds at 70,000 psi and 55C for 10 minutes (51).  Also, irradiation with X-ray treatment of 
walnuts and almonds at varied aw of 0.23 and 0.64 was able to obtain >5 log reduction for both 
Salmonella Enteritidis and Salmonella Tennessee without any negative impact on sensory of 
almonds (10). Inactivation of Salmonella enterica serovars Agona, Enteritidis and Typhimurium 
in peanut butter subjected to 90C in water bath yielded a log reduction of 3.2 CFU/g (46). An 
experiment set up similar to vacuum steam pasteurization termed as vacuum/steam/vacuum was 
operated in a closed system with settings of initial vacuum time of 0.1 min and final vacuum 
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time of 0.3 min was conducted at two treatment temperatures of 138 and 143C for maximum of 
0.3 min on fruits and vegetables (grapefruit, papaya, mangoes, avocadoes, kiwis, and peaches) 
for the treatment of Listeria innocua. During this experiment, log reduction ranged from 3.1-4.7 
CFU/g for various fruits treated (86). Although similar principle has been applied in this study, 
the tests were performed on fruits and vegetables.  
An inactivation study conducted on black peppercorns with atmospheric pressure plasma 
treatment resulted in a log reduction of ~1.5 CFU/g and ~5 CFU/g after 20 and 80 sec of 
treatment (8). The temperature measurements during 20 and 80 sec of treatments were recorded 
to be ~70 and ~125C, respectively. In this experiment, greatest log reductions were observed for 
peppercorns, where counts reaching below the limit of detection, after pasteurization for 1 
minute at 75C. This effect may be due to the volatile compounds such as phenolic amides that 
act as an antimicrobial agent, providing synergistic effect for inactivation of Salmonella (87, 88).  
Sensory properties may be affected by steam treatment as observed in steamed black 
peppercorns that appeared darker, and had a considerable decrease in the piperine content after 
treatment and storage (71). Also, increase in moisture content was noticed after steam treatments 
(84).  Similarly, it was also observed that during pressurizing the surface of almonds became 
visibly oily, presumably due to high pressure that forced oil out of the interior of the almonds 
(51). In current experiment, no such analysis was performed for the inactivation part, but no 
visual changes in color were observed. However, a study conducted using the same technology 
on almonds yielded a 4 log CFU/g reduction at 88C after 4 minutes of pasteurization. Also, 
lower peroxide values were observed for pasteurized samples during a shelf life study conducted 
over 13 months period (89).  
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E. faecium as a surrogate  
E. faecium has been widely used as a surrogate for its similar thermal sensitivity as 
Salmonella (74, 90, 91),and its safety has also been evaluated (57). It is important to investigate 
the potential of E. faecium as a surrogate for different product types and inactivation methods. E. 
faecium has not been studied as a potential surrogate for vacuum steam pasteurization. It has also 
not been directly investigated as a surrogate for E. coli O157:H7. Studies show that the log 
reduction in E. faecium is often lower than that of Salmonella at the same pasteurization 
conditions (74). My study shows similar results. Also, it is shown that E. coli O157:H7 has 
higher log reductions than E. faecium asserting that E. faecium is a safe conservative surrogate 
for both Salmonella PT 30 and E. coli O157:H7 (74, 90). 
In this experiment, E faecium had the greatest survival on quinoa and sunflower kernels 
at a pasteurization temperature of 75C. At most pasteurization conditions tested here, the log 
reduction in E. coli O157:H7 was observed to be greater than that of Salmonella PT 30 and E. 
faecium, with E. faecium being the most resistant bacteria. Although at higher pasteurization 
temperatures and longer times, similar log reductions were observed for all bacteria. With a 
conservative approach, it can be said that E. faecium can be used as a surrogate when using 
vacuum steam pasteurization. However, on whole flaxseed, pasteurization at 75C for 1 minute 
yielded a log reduction of 5.23 CFU/g for E. faecium similar to log reductions observed for E. 
coli O157:H7 and Salmonella PT 30. This supports that behavior of E. faecium is dependent 
upon the food treated and that they may show different inactivation pattern, mainly at lower 
pasteurization temperatures.  
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Microbial survival curves after vacuum steam pasteurization 
Survival curves are generated from results of an inactivation study obtained after a stress 
exposure to bacteria, which explain survival or decline in the amount of bacteria under certain 
defined parameters leading to prediction of its inactivation or survival without the need of an 
experiment. Such models provide parameter estimates such as  (first decimal reduction), p-
value (shape of the curve) and kmax (inactivation rates), which can be used for risk estimation or 
for development of HACCP plans and evaluation of food safety processes during intervention 
steps (60, 92). The survival curves in this study were not of first order kinetics rather they had a 
shoulder and a tailing effect. We found that the Geeraerd-tail model provided better goodness of 
fit with lower RMSE values when compared to modified Weibull-model (12, 13). When p = 1, 
the curves are log linear in nature and when N_res≠ 0, it shows a tailing effect. In this 
experiment, p and N_res values generated through use of modified Weibull model were observed 
to be greater than 1, showing that the curves were upward concave with a shoulder and a tailing 
effect (12, 93).  
In my experiment, the predicted survival curves generated at 75 and 85C yielded 4D 
values that were supportive of the log reductions observed at most inactivation conditions.  
value, which is the first decimal reduction, had a maximum value of 0.35 minutes among all 
survival curves generated in this study. Inactivation of Salmonella PT 30 on almonds yielded a 
log-linear reduction where the calculated D values were 2.6, 1.2, 0.75 and 0.39 minutes for 
temperatures of 60, 70, 80 and 88C, respectively (94). D values of 0.2 and 0.3 minutes at 93C 
for Salmonella on almonds after exposure to steam were determined (85). The  values observed 
in my study were similar to the findings of Harris et al.(94), and Lee et al.(85), but after 
pasteurization at lower temperatures. D values obtained using Weibull model with peanut butter 
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at 71C ranged from 6.44 to 965 minutes to achieve 1 to 7 log reductions, respectively (95), 
which is higher than those observed in this study. However, their inactivation study was 
conducted at a lower temperature and Salmonella in peanut butter has been shown to be highly 
resistant to thermal treatments. Applied cold atmospheric pressure plasma to inactivate 
Salmonella on whole black peppercorns yielded a log reduction of 3.2 CFU/g after 15 minutes 
(7). In their study, the Weibull model provided  value of 0.13 minute and a p value of 0.25 for 
Salmonella enterica for an upward concave survival curve (7). The survival curves obtained in 
my experiment were upward concave with observed p values always greater than 0. It is also 
important to note that the tailing effect observed in this experiment may have been impacted due 
to the fact that lowest limit of detection was used when no colonies were detected mostly at 
higher treatment parameters. The fact that tailing occurs due to more resistant subpopulation N-
_res might not be true in our case since counts below the limit of detection was often observed 
during longer pasteurization time of 3 to 5 minutes which were also used for generation of 
survival curves (12, 13). 
Conclusions 
Vacuum steam pasteurization, under the settings at which this experiment was conducted, 
was effective in obtaining greater than 5.0 log CFU/g reduction at low pasteurization 
temperatures of 75 and 85C for Salmonella PT 30, E. coli O157:H7 and E. faecium. Hence, 
vacuum steam pasteurization can be used for inactivation of pathogens in low moisture foods. In 
addition, log reduction for E. faecium was lower than that of Salmonella PT 30 and E. coli 
O157:H7 and thus E. faecium can be used as a surrogate when using vacuum steam 
pasteurization. The survival curves with the predicted parameters from the Geeraerd-tail and 
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modified Weibull models obtained through this study can be used for quantitative risk 
assessments. 
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EFFECT OF VACUUM STEAM PASTEURIZATION ON MICROBIAL SHELF LIFE 
AND WATER ACTIVITY OF WHOLE AND MILLED FLAXSEED 
Abstract 
Low moisture foods have a long shelf life because of their low water activity, which does 
not permit growth of bacteria, yeast or molds. However, bacteria, yeast and mold can survive on 
low moisture foods. The native microbiota can grow at favorable conditions such as when the 
low moisture foods are used as an ingredient in other foods. In addition, thermal processing of 
low moisture foods may change the water activity of the foods or lead to activation of spores. 
These effects can cause microbial growth leading to untimely spoilage of foods. Vacuum steam 
pasteurization uses steam under vacuum for inactivation of microorganisms. In this experiment, 
the objective was to determine if the pasteurization process increased or decreased bacteria, yeast 
and mold on pasteurized whole and milled flaxseed. Inactivation of B. cereus was also observed 
on milled flaxseed along with the effect of pasteurization on aw of the products. The shelf life of 
pasteurized products was conducted for a period of 6 months for milled flaxseed and 9 months 
for whole flaxseed. It was observed that pasteurization yielded lower counts for total aerobes, 
yeast and mold for both of the products at all pasteurization conditions. Similarly, B. cereus was 
only observed over the period of a month on milled flaxseed. However, after pasteurization there 
was an increase in aw, but the increased aw was still below 0.65. Moreover, aw of unpasteurized 
products was observed to be similar or greater than the pasteurized products after 2 months of 
storage for whole flaxseed and 1 month of storage for milled flaxseed. Hence, vacuum steam 
pasteurization was effective in reducing native microbiota without any negative effect on aw.  
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Introduction 
Consumption of seeds and grains are on the rise among consumers due to awareness and 
willingness to eat healthy. Flaxseed is one such commodity which has been shown to be 
beneficial to human health because its high omega-3 fatty acids, α-linolenic acid, high dietary 
fiber, anti-carcinogenic lignans, and high protein compounds (67, 96-98). Flaxseed has also been 
used as feed for cattle to enhance milk production with increased omega-3 fatty acid content 
(99). Similarly, when hens were fed flaxseed, an increase in quantity of omega-3 fatty acids was 
observed in their eggs and meat (99, 100). Flaxseed is consumed in its natural form or is used as 
an ingredient in other foods such as salads, soups, muffins, bread, macaroni, spaghetti, and 
energy snack bars (101-104).  
Flaxseed is either consumed raw or is minimally processed. Flaxseed in its raw form may 
pose a risk to human health due to possible microbial contamination. There have been several 
outbreaks of Salmonella and E. coli O157:H7 in such low moisture foods (15-17). In the years 
2014-2015, there were 3 recalls due to Salmonella contamination in flaxseed and 1 recall was 
also seen in February 2016 in flaxseed powder due to Salmonella (16). Cultivation, harvesting 
and processing conditions are prone to contamination due to microorganisms (3, 29, 105, 106). 
Hence, it is important to reduce these microorganisms in such foods before consumption. 
However, it has also been shown that pathogens in low moisture foods are more resistant to dry 
heat treatment. Therefore, it is important to eliminate such harmful pathogens from low moisture 
foods with alternative technologies. At the same time, it is important to investigate whether these 
treatment procedures have any impact on naturally occurring microbiota, which is responsible 
for spoilage of such low moisture foods, influencing their shelf life. 
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The shelf life of food products is dependent upon background microbiota in addition to 
other chemical properties. To monitor the microbial shelf life of low moisture seeds and grains, 
the total aerobic plate count (APC), yeast and mold, and Bacillus cereus are measured. In a study 
by Postollec et al, 86% of raw products (dried vegetables, spices, egg mix powder, texturing 
agents) were contaminated with Bacillus species (63).A higher number of these indicator 
organisms can shorten the shelf life of a product due to changes in its physical properties such as 
flavor and texture. Bacillus cereus produces rope like slimes in food products such as bread 
made with flour (107, 108). In addition, B. cereus forms endospores, which remain inactive in a 
nutrient deprived condition, but mild heat treatment and temperature abuse during storage of 
cooked food can result in spore germination leading to production of toxin and growth of B. 
cereus cells to a high level causing food poisoning (109, 110). The low water activity of foods 
such as whole and milled flaxseed limits the growth of vegetative bacteria, yeast and molds. 
However, an increase in moisture content can allow growth of vegetative bacteria, yeast and 
mold over its storage period (111, 112). Yeast and mold cause visible growth and contamination, 
making these foods unfit for consumption. In addition, an increase in moisture can cause 
rancidity with increase in peroxide values and free fatty acid contents (113, 114). This usually 
occurs when ingredients such as flour are formulated to be used in ready to eat food products like 
bread and snack bars. Hence, it is equally important to monitor the water activity of low moisture 
foods in order to monitor their shelf life. 
Vacuum steam pasteurization as explained in previous pages utilizes steam under vacuum 
for inactivation of bacteria in low moisture foods. Here, the objective of this study was to 
determine if vacuum steam pasteurization increased shelf life of whole and milled flaxseed by 
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inactivation of naturally occurring microbes. Also, it was determined if the water activity of the 
product was influenced by pasteurization.  
Materials and methods 
Sources of flaxseed 
Raw whole and milled flaxseed were received from three different local suppliers from 
Fargo area, and they were homogenized to obtain well mixed samples.  
Pasteurization parameters and shelf life study period 
For each flaxseed type, pasteurization experiments were conducted at 75, 90 and 105C 
for 3 minutes and for 9 minutes at 90C ( Tables A5 and A6). The experiment was repeated three 
times at each pasteurization condition. Samples for the control were packaged and handled 
similarly as the treated samples except for the pasteurization step. Water activity (aw) 
measurements and microbiological shelf life were conducted at week 0 (the day of 
pasteurization), week 1, week 2, week 4, week 6, week 8, and every month until 9 months. 
However, the microbial analyses and aw measurements for milled flaxseed were limited to 6 
months. 
Vacuum steam pasteurization 
Vacuum steam pasteurization on whole and milled flaxseed was conducted separately. 
Flaxseed was packed in portions of 100 g and 250 g into cotton bags (Uline Inc., Pleasant Prairie, 
WI). Fifteen small (100 g) and 2 large (250 g) bags were pasteurized at each selected 
temperature and time combinations. These bags were sandwiched halfway between fill volume 
of 45 and 22.5 kg in the sterilizer bin for whole and milled flaxseed, respectively (Table A6). 
Three data loggers (Madge Tech, Inc., Warner, NH) were used to measure the temperature 
readings during the pasteurization process. These data loggers were placed in three different 
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locations along with sample bags halfway in the sterilizer bin. Prior to placing samples for 
pasteurization, the fill volume was pre-heated to a temperature of 40 and 50C for whole and 
milled flaxseed, respectively (Table A5). The pre-pasteurization temperature, initial vacuum, and 
post vacuum parameters were selected based on preliminary experiments to provide homogenous 
distribution of steam and temperature in the food matrix. However, once the pasteurization 
cycles started, the time required to reach the set pasteurization temperature from the pre-heat 
temperature lasted a few seconds to a maximum of 3 minutes (Table A6). Similarly, after 
pasteurization was completed, the time for reducing the temperature to the pre-heat temperature 
ranged from 10-15 minutes (Table A6). Usually, these pre-pasteurization and post-pasteurization 
times with their corresponding temperatures increased with higher set pasteurization 
temperatures (Table A6). The details of the vacuum steam pasteurization system mechanism 
were explained in previous pages for my first experiment. After pasteurization, the samples were 
left to cool to room temperature. Then the individual bags were emptied into Kraft bags (Uline 
Inc., Pleasant Prairie, WI) providing 15 small and 2 large bags for each week of data collection 
for each replicate. These bags were stored at room temperature in the lab for microbial 
enumeration and chemical shelf life determination (not presented here). 
aw measurement 
Three bags each for unpasteurized and treated samples were opened at each week of the 
experiment. Aw was measured for 3 samples from each bag using a water activity meter (Aqua 
lab, Decagon devices Inc., Model series 3TE). Before measurement of aw, the water activity 
meter was verified with two standards of aw 0.760 and 0.250. 
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Enumeration of total aerobic bacteria, B. cereus, yeast, and mold 
Three bags each for unpasteurized and pasteurized conditions were opened at each week 
of the experiment. Three samples from each bag were plated in duplicates onto Plate Count 
Agar-PCA (Difco, Becton Dickinson, Sparks, MD), Dichloran-Glycerol Agar –DG-18 (Oxoid 
LTD., Basingstoke, Hampshire, England) with Glycerol (Fisher chemical, New Jersey), and 
Mannitol Egg Yolk Polymyxin Agar MYP (Difco, Becton Dickinson, Sparks, MD) to count total 
aerobic bacteria (APC), yeast and mold and B. cereus, respectively. Samples (25 g) were 
weighed in sterile whirl Pak bags (Nasco, Fort Atkinson, WI) for each replicate and were 
homogenized with 225 g of Butterfield’s dilution buffer for 90 seconds using a Masticator (IUL 
instruments, Spain). After homogenization, appropriate serial dilutions were spread on their 
respective agar plates. After spread plating, the PCA, DG-18, and MYP plates were incubated at 
37C for 482 hours, 25C for 7 days and 30C for 482 hours, respectively. After incubation, 
the colonies on these plates were counted, and the counts for B. cereus were considered 
presumptive counts since they were not confirmed using further tests.  
Statistical Analyses 
Pasteurization of each flaxseed type at each selected condition was conducted to obtain 
three biological replicates each with three technical replicates, providing nine data points for 
each condition including the unpasteurized control samples. Microbial counts were obtained in 
duplicates in CFU/g which were averaged and log transformed using Microsoft Excel. The limit 
of detection (1 log CFU/g) was used as the count for samples with no colony detected. Analysis 
of variance (ANOVA) was conducted using Proc GLM in SAS V.9.4 (SAS Institute, Cary, NC). 
For ANOVA, log CFU/g was considered as the dependent variable and pasteurization condition 
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and week were used as the independent variables. Based on LS-means adjusted for the 
significant interactions, adjusted p values were used. 
Results 
Shelf life of whole flaxseed 
Total aerobic plate counts after pasteurization of whole flaxseed 
Total APC for unpasteurized whole flaxseed averaged 5.370.17 log CFU/g which was 
reduced to average counts of 3.771.07, 3.041.17, 4.170.48 and 2.681.79 log CFU/g after 
pasteurization for 3 minutes at 75C, 3 minutes at 90C, 9 minutes at 90C and 3 minutes at 
105C, respectively (Figure 7). The greatest and the least log reduction in APC were observed 
after pasteurization for 3 minutes at 105C and 9 minutes at 90C on week 0. The average APC 
after 3 minutes of pasteurization at 90 and 105C were significantly lower than the APC for 
unpasteurized whole flaxseed (adj.p<0.05). During storage, the log counts for unpasteurized 
flaxseed remained similar over the period of 36 weeks (adj.p>0.05). The APC after 
pasteurization at 75C for 3 minutes increased from week 0 to 5.290.25 log CFU/g by week 2, 
but steadily decreased to 3.791.23 log CFU/g at 36 weeks of storage, which was not 
significantly different from week 0 (adj.p>0.05) (Figure 7). 
APC after pasteurization for 3 minutes at 90C was observed to be greater than 3.0 
CFU/g on average until week 6 but after that, APC decreased by an average count of 2.231.03 
log CFU/g at week 36, not significantly different from week 0 (adj.p>0.05) (Figure 7). The APC 
after pasteurization for 9 minutes at 90C was reduced by ~1.0 log CFU/g during week 8 to 36, 
but were not significantly different from week 0 (adj.p>0.05). Pasteurization for 3 minutes at 
105C observed decreases in APC over the storage periods with counts below limit of detection 
at week 20 and 24. However, APC on weeks 28, 32 and 36 were observed to increase providing 
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counts similar to the first two weeks (Figure 7). At week 36, only  APC observed after 
pasteurization for 3 minutes at 90C was significantly lower than APC for unpasteurized whole 
flaxseed (adj.p<0.05) (Figure 7).   
 
Figure 7. Total aerobic plate count on whole flaxseed during 36 weeks of storage for 
unpasteurized and pasteurized conditions. The counts are average of three samples at each 
replicate with error bars as standard deviation.  
Total yeast counts after pasteurization of whole flaxseed 
Average yeasts for unpasteurized whole flaxseed were 2.620.61 log CFU/g, which was 
similar to total yeasts after storage at week 36 (adj.p>0.05) (Figure 8). However, the number of 
yeast cells were observed to be as low as 1.480.35 CFU/g during week 24 for unpasteurized 
whole flaxseed. After pasteurization, total yeast cells of 1.730.92, 1.100.30, 1.000.00 and 
1.410.68 log CFU/g was observed after 3 minutes at 75C, 3 minutes at 90C, 9 minutes at 
90C and 105C, respectively. Pasteurization yielded significant decrease in total yeasts at 
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pasteurization temperatures of 90 and 105C (adj.p<0.05) (Figure 8). However, total yeasts 
observed after pasteurization at all conditions were observed to be similar on week 0 
(adj.p>0.05).  
Total yeast cells after pasteurization at 75C for 3 minutes increased over 2 week period 
but steadily decreased over time yielding counts that were not significantly different from week 0 
(adj.p>0.05) (Figure 8). Similarly, after pasteurization for 3 minutes at 90C, total yeast cells 
increased to ≥1.50 log CFU/g at 2, 4 and 6 weeks. However, total yeast cells steadily decreased 
over the remaining weeks of storage with counts observed below limit of detection during 
several weeks. Although, pasteurization after 9 minutes at 90C and 3 minutes at 105C yielded 
~1.0 log CFU/g on week 0, total yeast cells as high as 1.640.98 log CFU/g was observed during 
the first month of storage, but from week 16-36 counts below limit of detection were often 
observed. At week 36, total yeast cells were enumerated to be 2.210.30, 1.210.35, 1.000.00, 
1.090.18 and 1.000.00 log CFU/g for unpasteurized whole flaxseed, and pasteurization after 3 
minutes at 75C, 3 minutes at 90C, 9 minutes at 90C and 3 minutes at 105C, respectively 
(Figure 8). The average total yeasts at week 36 was observed to be significantly greater for 
unpasteurized whole flaxseed than at any pasteurized conditions (adj.p<0.05) (Figure 8).  
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Figure 8. Total yeast on whole flaxseed during 36 weeks of storage for unpasteurized and 
pasteurized conditions. The counts are average of three samples at each replicate with error bars 
as standard deviation.  
Total mold counts after pasteurization of whole flaxseed 
Unpasteurized whole flaxseed had average initial mold levels of 2.090.64 log CFU/g, 
which increased to a maximum count of 2.500.32 log CFU/g at week 4 with the lowest count of 
1.340.55 log CFU/g observed at week 24 (Figure 9). The observed levels of mold were similar 
at all weeks (adj.p>0.05) except at week 24 for unpasteurized whole flaxseed (adj.p<0.05). After 
pasteurization, similar total mold levels of 1.570.69 and 1.300.49 log CFU/g were observed 
after 3 minutes at 75C and 9 minutes at 90C, respectively on week 0 (adj.p>0.05) (Figure 9). 
Pasteurization for 3 minutes at 90 and 105C provided similar total mold levels of 1.000.00 and 
1.170.30, respectively (adj.p>0.05) (Figure 9).  Total molds observed at all pasteurization 
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conditions except 3 minutes at 75C were found to be significantly lower than the unpasteurized 
whole flaxseed (adj.p<0.05). The highest reduction of 1.090.64 log CFU/g was observed after 
pasteurization for 3 minutes at 90C on week 0 (Figure 9).  
After pasteurization for 3 minutes at 75C, total number of molds increased to 2.230.31 
on week 2 with gradual, but not significant, decline observed through 36 weeks of storage 
(adj.p>0.05). Pasteurization at 90C irrespective of treatment time yielded total mold levels of 
~1.0 log CFU/g during several weeks of the shelf life period. However, pasteurization at 105C 
for 3 minutes provided mold counts as high as 1.60 log CFU/g during week 1, 4, 6, and 12, 
which were similar to the count of 1.470.39 CFU/g observed at week 36 (adj.p>0.05) (Figure 
9). At week 36, mold counts were observed to be significantly lower after pasteurization at 75 
and 90C than unpasteurized whole flaxseed and pasteurization after 3 minutes at 105C 
(adj.p<0.05) (Figure 9).  
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Figure 9. Total mold on whole flaxseed during 36 weeks of storage for unpasteurized and 
pasteurized conditions. The counts are average of three samples at each replicate with error bars 
as standard deviation.  
aw after pasteurization of whole flaxseed 
The average aw for unpasteurized whole flaxseed was measured to be 0.4880.005, which 
increased to 0.5440.028, 0.6280.017, 0.6250.021 and 0.6340.028 after pasteurization for 3 
minutes at 75C, 3 minutes at 90C, 9 minutes at 90C and 3 minutes at 105C, respectively 
(Figure 10). Aw of pasteurized flaxseed at all conditions except pasteurization for 3 minutes at 
75C were significantly greater than aw of unpasteurized samples on week 0 (adj.p<0.05). 
Pasteurization for 3 minutes at 105C yielded the highest increase in aw, which was similar to aw 
observed after pasteurization for 3 and 9 minutes at 90C (adj.p>0.05).  
aw for unpasteurized flaxseed was measured to be similar until 8 weeks of storage 
(adj.p>0.05) and decreased significantly with increase in storage time (adj.p<0.05) (Figure 10). 
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However, aw after pasteurization at all conditions significantly decreased on week 1 from week 0 
(adj.p<0.05) and were found to be similar to aw for unpasteurized whole flaxseed (adj.p>0.05) 
(Figure 10).  Aw after pasteurization at 75C for 3 minutes remained similar until week 6, except 
at week 1 (adj.p>0.05) and decreased significantly with increase in storage time (adj.p<0.05). At 
36 weeks of storage, the aw were measured to be 0.2520.014, 0.2280.006, 0.2260.008, 
0.2310.016 and 0.2310.008 for unpasteurized flaxseed, and after pasteurization for 3 minutes 
at 75C, 3 minutes at 90C, 9 minutes at 90C and 3 minutes at 105C, respectively, which were 
found to be similar (adj.p>0.05), but were significantly lower than the first week of 
measurements (adj.p<0.05) (Figure 10).  
 
Figure 10. Measured water activity (aw) for whole flaxseed during 36 weeks of storage for 
unpasteurized and pasteurized conditions. Measurements are average of one sample for each 
replicate with error bars as standard deviation.  
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Shelf life of milled flaxseed 
Total aerobic plate counts after pasteurization of milled flaxseed 
The average APC for unpasteurized milled flaxseed was observed to be 4.350.18 CFU/g 
(Figure 11). After pasteurization, average APC in milled flaxseed after 3 minutes at 75, 90 and 
105C were 4.380.30, 3.700.24 and 1.340.60 log CFU/g, respectively. Similarly, milled 
flaxseed pasteurization for 9 minutes at 90C had an average APC of 2.75  0.58 CFU/g (Figure 
11). There was no reduction in APC after pasteurization at 75C for 3 minutes and were similar 
to unpasteurized milled flaxseed (adj.p>0.05). However, pasteurization at 90C for 3 and 9 
minutes and at 105C for 3 minutes yielded significantly lower APC than the unpasteurized 
milled flaxseed (adj.p<0.05).  
Unpasteurized milled flaxseed had similar APC counts on week 0 and 1 but increased by 
~1.0 log CFU/g at week 3. For unpasteurized flaxseed, the observed APC at week 2 was similar 
at all other weeks during the shelf life study (adj.p>0.05). APC for flaxseed after 3 minutes at 
75Cwas observed to be similar through week 24 (adj.p>0.05). After pasteurization for 3 minutes 
at 90C, significant decrease in APC was observed at week 1 and 2 (adj.p<0.05) with similar 
counts observed through week 24 (adj.p>0.05) (Figure 11). Pasteurization for 9 minutes at 90C 
resulted in gradual decrease of APC over time, with the lowest count of 1.860.40 CFU/g 
observed at week 6. However, pasteurization at 105C for 3 minutes resulted in counts similar to 
~1.0 log CFU/g from week 2 to 24 (adj.p>0.05) (Figure 11).  At week 24, average APC of 
5.490.27, 4.270.66, 3.030.41, 2.170.31 and 1.000.00 log CFU/g was observed for 
unpasteurized milled flaxseed, and after pasteurization for 3 minutes at 75C, 3 minutes at 90C, 
9 minutes at 90C and 3 minutes at 105C, respectively (Figure 11). At week 24, APC for 
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unpasteurized milled flaxseed were observed to be significantly higher than at all pasteurized 
conditions (adj.p<0.05).  
 
 
Figure 11. Total aerobic plate count on milled flaxseed during 24 weeks of storage for 
unpasteurized and pasteurized conditions. The counts are average of three samples at each 
replicate with error bars as standard deviation. 
Total yeast counts after pasteurization of milled flaxseed 
Total average yeast cells for unpasteurized milled flaxseed were 1.180.30 log CFU/g at 
week 0, which was similar to counts observed on weeks 1, 6, 8, 12, 16, 20 and 24 (adj.p>0.05) 
with the highest average count of 3.08  0.43 log CFU/g observed on week 2 (adj.p<0.05) 
(Figure 12). No yeast colonies were observed on week 16, 20 and 24 for unpasteurized milled 
flaxseed. After pasteurization, no yeast colonies were detected on milled flaxseed at a limit of 
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detection of 1.0 log CFU/g throughout the entire shelf life study period except at week 6 for the 
pasteurization condition of 105C, where a sample resulted in count of 3.05 log CFU/g (Figure 
12).  
 
Figure 12. Total yeast count on milled flaxseed during 24 weeks of storage for unpasteurized and 
pasteurized conditions. The counts are average of three samples at each replicate with error bars 
as standard deviation. 
Total mold counts after pasteurization of milled flaxseed 
Total average mold count for unpasteurized flaxseed was 1.540.43 log CFU/g and 
remained similar over the entire storage period except at week 2 where the highest count of 
2.150.44 log CFU/g was observed (Figure 13). After pasteurization for 3 minutes at 75C, 3 
minutes at 90C, 9 minutes at 90C and 3 minutes at 105C, average mold count of 1.310.47, 
1.100.31, 1.00 0.00 and 1.03 0.10 log CFU/g was observed, respectively (Figure 13). Mold 
levels observed after pasteurization for 9 minutes at 90C and 3 minutes at 105C were 
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significantly lower than unpasteurized milled flaxseed (adj.p<0.05). Total average mold counts 
after pasteurization for 3 minutes at 75C were observed to be similar through week 24 
(adj.p>0.05). Counts similar to limit of detection at all weeks through week 24 was observed 
after milled flaxseed pasteurization at 90 and 105C (adj.p>0.05) (Figure 13).  
 
Figure 13. Total mold count on milled flaxseed during 24 weeks of storage for unpasteurized and 
pasteurized conditions. The counts are average of three samples at each replicate with error bars 
as standard deviation. 
Total B. cereus counts after pasteurization of milled flaxseed 
Presumptive B. cereus for unpasteurized milled flaxseed was observed to be 1.520.63 
log CFU/g on average and increased to 1.950.37 CFU/g on week 1 (adj.p>0.05) (Figure 14). B. 
cereus for unpasteurized milled flaxseed on week 2 and 4 was similar to week 0 (adj.p>0.05), but 
were below the limit of detection on week 6 and 8. Pasteurization for 3 minutes at 75 and 90C 
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yielded an average log count of 1.530.57 and 1.080.23 CFU/g on week 0. No B. cereus 
colonies were observed after pasteurization for 9 minutes at 90C and 3 minutes at 105C at the 
detection limit of 1.0 log CFU/g (Figure 14). However, B. cereus counts of 1.540.35, 1.460.31 
and 1.400.53 log CFU/g were observed at week 1, 2 and 4 after pasteurization for 9 minutes at 
90C (Figure 14).  
Over the next 2 weeks during storage, B. cereus counts of 1.750.42 and 1.450.44 log 
CFU/g were observed after pasteurization for 3 minutes at 75C (adj.p<0.05) (Figure 14). 
Similarly, B. cereus counts of 1.970.31 and 1.790.60 log CFU/g were observed after 
pasteurization for 3 minutes at 90C on week 1 and 2, respectively (adj.p<0.05). At week 0 and 
4, B. cereus counts were not observed to be significantly different between unpasteurized and 
pasteurized milled flaxseed at any conditions (adj.p>0.05). No B. cereus colonies were observed 
below limit of detection at weeks 6 and 8 for unpasteurized and pasteurized milled flaxseed at all 
conditions (Figure 14).  
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Figure 14. Total presumptive Bacillus cereus count on milled flaxseed during 8 weeks of storage 
for unpasteurized and pasteurized conditions. The counts are average of three samples at each 
replicate with error bars as standard deviation. 
aw after pasteurization of milled flaxseed 
aw for unpasteurized milled flaxseed was measured to be 0.5120.002, and after 
pasteurization for 3 minutes at 75C, 3 minutes at 90C, 9 minutes at 90C and 3 minutes at 
105C, aw measurements of 0.4970.029, 0.5120.004, 5570.007 and 0.5780.017were 
observed, respectively (Figure 15). Significant increase in aw was observed only after 
pasteurization at 105C for 3 minutes (adj.p<0.05). However, no significant differences in aw 
was observed after pasteurization for 3 minutes at 75 and 90C (adj.p>0.05). Similarly, no 
significant difference in aw was observed after 9 minutes at 90C and 3 minutes at 105C 
(adj.p>0.05).  
aw for unpasteurized milled flaxseed were similar during the first four weeks of storage 
(adj.p>0.05), but decreased steadily to a significantly low aw of 0.2520.014 at week 
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24(adj.p<0.05). Similarly, aw after pasteurization at 75C for 3 minutes were measured to be 
similar to unpasteurized milled flaxseed atall weeks (adj.p>0.05) except week 16where it was 
significantly lower (adj.p<0.05) (Figure 15). Pasteurization for 3 minutes at 90C yielded similar 
aw measurements to unpasteurized samples atall weeks (adj.p>0.05) except at weeks 16 and 20, 
where aw were measured to be significantly lower than unpasteurized samples (adj.p<0.05) 
(Figure 15).  
Pasteurization for 9 minutes at 90C yielded similar aw to unpasteurized milled flaxseed 
through week 20 (adj.p>0.05) with significantly lower awobserved on week 24 (adj.p<0.05) 
(Figure 15). Similarly, pasteurization for 3 minutes at 105C provided similar aw measurements 
as unpasteurized milled flaxseed during weeks 1, 2, 4, 6, 8, 12, and 24 (adj.p>0.05) with 
significantly lower aw measured during weeks 16 and 20 (adj.p<0.05). At week 24, aw for 
unpasteurized milled flaxseed were not significantly different from aw measured at any 
pasteurized conditions (adj.p>0.05) (Figure 15). 
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Figure 15. Water activity (aw) for milled flaxseed during 24 weeks of storage for unpasteurized 
and pasteurized conditions. Measurements are average of one sample for each replicate with 
error bars as standard deviation.  
Discussion 
Factors affecting shelf life 
The shelf life of a product is dependent upon biochemical and microbiological 
deterioration (115). However, microbial growth is limited by low aw, so spoilage rates due to 
microbial activity is low in low moisture food products. Also, spoilage due to microorganisms 
can be reduced by inactivation methods such as heat treatment or irradiation.  In cereal grains 
and flour, heat treatments at higher temperatures may induce enzyme susceptibility and decrease 
swelling power and paste consistency (65, 66). While irradiation is effective, consumers’ 
perception regarding usage of irradiation has been negative. Therefore, an alternative 
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pasteurization process needs to be investigated to inactivate native microorganisms at lower 
treatment temperatures. However, any pasteurization techniques may affect the intrinsic factors 
that can lead to food spoilage. Intrinsic factors are the physical, chemical and structural 
properties of food which are defined by aw, pH, redox potential, and available nutrients and 
antimicrobial substances present in them. The extrinsic factors are storage environment 
conditions, which include temperature and humidity.  
In this experiment, microbial shelf life was monitored as affected by aw and room 
temperature storage conditions after vacuum steam pasteurization at four different time and 
temperature conditions. Microbiological spoilage occurs in a food matrix usually when growth 
occurs leading to high numbers in the ranges of 107 – 109CFU/g (11). In this experiment, the 
total aerobic counts observed in non-pasteurized whole and milled flaxseed were in the ranges of 
104-105CFU/g, and yeast, mold and B. cereus were observed to be less than 1,000 CFU/g. A 
study conducted in 1989 profiled total aerobes, yeast and molds in milled wheat flour. It was 
observed that the average total aerobes, yeasts and molds were 4.170.52, 2.120.40 and 
2.900.52 log CFU/g, respectively, similar to the counts observed for unpasteurized whole and 
milled flaxseed in this study. A survey conducted from 2003-2005 on whole wheat flour found 
similar counts of 4.411.15, 1.790.93 and 2.580.81 CFU/g for total aerobes, yeasts and molds, 
respectively (116). Also, aw of the unpasteurized products were measured to be ~0.4-0.6. The 
low microbial counts may not cause spoilage at such a low aw over a long duration of storage. 
However, when such products are used to prepare other foods such as bread, cake mixes, and 
spaghetti, their intrinsic factors such as moisture content and nutrient availability, and extrinsic 
factors, such as storage temperature, may lead to an increase in aw and subsequent growth of the 
microbiota, shortening the shelf life of these products. After vacuum steam pasteurization, 
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decrease in total aerobes by 1-3 log CFU/g were observed at pasteurization temperatures of 90 
and 105°C. 
Effect of yeast and mold on shelf life 
Fungi is most responsible for bread spoilage, and mycobiota belonging to the genera 
Penicillium, Aspergillus, Monilia, Mucor, Endomyces, Cladosporium, Fusarium andRhizopus are 
studied as common spoilage fungi (117, 118). Fungi not only cause spoilage but also produce 
mycotoxins, which can cause health issues (119). In this study, vacuum steam pasteurization was 
implemented to investigate if the pasteurization led to increase or decrease in native mycobiota 
present in these two foods (120, 121). Vacuum steam pasteurization yielded ~1.0 log CFU/g 
reduction for yeasts and molds with counts observed below the limit of detection after 
pasteurization.  
Several other inactivation and packaging methods have been implemented to prevent 
mold growth in bread. Dababneh et al.(122), reported that 2450 MHz microwave oven at 900 
Watt inactivated fungi and thermophilic spore former on several spices. In their study, the fungi 
and thermophilic spore former counts for black pepper were approximately 4.0 and 3.0 log 
CFU/g and after inactivation over the storage periods of 60 days there was 1.0 log reduction in 
fungi reaching below limit of detection for thermophilic spore former. Similarly, for oats fungi 
and thermophilic spore former counts were approximately 4.0 and 3.0 log CFU/g, and after 
inactivation over the storage period of 60 days, there was 1.0 log reduction in fungi reaching 
below limit of detection for thermophilic spore former. Ozonization with 0.33 mg of ozone per 
gram of wheat after 1 minute of treatment reduced 96.9% of fungal spores (123). Similarly, 0.16 
mg of ozone applied per gram of barley per minute was able to inactivate 96% of fungal 
inactivation (124). Modified atmosphere packaging, and irradiation have also been studied. In 
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addition, natural antimicrobial agents have also been investigated to a great deal for the purpose 
of usage in bread to enhance their shelf life. Propionic acid is one major chemical used to inhibit 
fungal growth. 
Effect of B. cereus on shelf life 
Endospores are often present in soil in the numbers of 104CFU/g and contamination can 
lead to their presence in foods (125). During storage or after pasteurization, such spores may be 
activated, provided that favorable conditions exist, causing increase in their numbers. B. cereus 
is an opportunistic pathogen and its major toxins are cytotoxins haemolysin BL (Hbl), 
nonhaemolytic enterotoxin (Nhe) and cytotoxin K (CytK) (126-128). The infectious dose of B. 
cereus has been determined as 105 – 108 cells or spores. However, doses as low as 200 CFU/g 
have been associated in a foodborne outbreak due to B. cereus. After vacuum steam 
pasteurization of whole and milled flaxseed, decreases in B. cereus cells by ~0.5-1 log CFU/g 
were observed at all treated conditions when compared to unpasteurized whole and milled 
flaxseed. Interestingly, B. cereus cells were below limit of detection just after a month of storage. 
Another study for inactivation of B. subtillis spores by infrared radiation provided D values of 26 
and 1.1 minutes at 120 and 140°C, respectively (129). A study by Molin et al., on ground 
pistachios yielded a 1.5 log CFU/g reduction in B. cereus after treatment at 0.1 and 0.5 ppm 
ozone for 360 minutes (130). In this study, vacuum steam pasteurization was able to achieve 
similar log reductions at temperatures as low at 75 and 90C.  
Effect of aw on shelf life 
Pasteurization processes often change the intrinsic factors of the pasteurized foods 
because of an increase in moisture content. Increase in aw may cause negative impact on the shelf 
life of the pasteurized product. Increase in moisture content and change in sensory properties has 
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been reported in many studies (9, 71, 84). Here, aw was observed to increase after vacuum steam 
pasteurization of whole and milled flaxseed after pasteurization at higher temperatures, but 
decreased over time with no significant differences between unpasteurized and pasteurized 
flaxseed. However, the increased aw were still below 0.65 which inhibits microbial growth, 
including most yeasts and molds. It was also shown that, for milled wheat flour, aw decreases 
during storage (116); similar observations were made in this study for whole and milled flaxseed.  
Conclusions 
Vacuum steam pasteurization is effective in reducing naturally occurring microbiota in 
low moisture foods, such as whole and milled flaxseed. In addition, vacuum steam pasteurization 
does not lead to activation of spores as observed by decreased microbal counts at all 
pasteurization temperatures. Although water activity increased after pasteurization, it was 
observed to be below 0.65. Moreover, aw decreased after a week of storage, and were found to be 
similar to unpasteurized flaxseed after a month. In conclusion, vacuum steam pasteurization was 
not found to have any negative impact on microbial shelf life and water activity. 
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CONCLUSIONS 
 Vacuum steam pasteurization is an effective method to reduce harmful pathogens in low 
moisture foods, making them safer for consumption. Vacuum steam pasteurization achieved a 
5.0 log reduction for both pathogens Salmonella PT 30 and Escherichia coli O157:H7 at 
pasteurization temperatures as low as 75 and 85°C on all the tested food matrices, whole 
flaxseed, quinoa, sunflower kernels, milled flaxseed and whole black peppercorns, after 
treatment for as little as 1 minute. During pasteurization at lower treatment temperatures, E. coli 
O157:H7 and E. faecium yielded the most and the least amount of log reductions, respectively. 
At higher treatment temperatures, there were no significant differences in log reductions 
observed between Salmonella PT 30, E. coli O157:H7 and E. faecium. Therefore, E. faecium can 
be used as a surrogate for both pathogens when using vacuum steam pasteurization. However, 
there were variability in log reductions observed between replicates of experiments on quinoa at 
lower treatment temperatures. Therefore, inactivation of pathogens and usage of E. faecium as a 
surrogate needs to be considered carefully at lower treatment temperature, which was found to be 
dependent upon food matrices pasteurized. Moreover, the predicted survival curves that provided 
 and Kmax values can be used as guidance for quantitative microbial risk assessment when 
utilizing vacuum steam pasteurization.  
 Vacuum steam pasteurization of raw whole and milled flaxseed yielded lower counts of 
native microbiota, such as total aerobes, yeasts, molds and Bacillus cereus. Higher log reductions 
were observed with increase in pasteurization temperatures, but not necessarily in pasteurization 
time. In addition, the increased aw after pasteurization was observed to be below 0.65, which 
limits the growth of most bacteria and fungi. Also, similar aw measurements were observed after 
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storage for a week. Hence, it can be seen that vacuum steam pasteurization had a positive effect 
on shelf life of the pasteurized products.  
 In conclusion, vacuum steam pasteurization is effective at reduction of pathogens on low 
moisture foods while maintaining product quality. Hence, this technology can be efficiently used 
by the food industry to pasteurize low moisture products. Enterococcus faecium can also be used 
as a surrogate for Salmonella and E. coli O157:H7 when validating their vacuum steam 
pasteurization system. In addition, the parameters obtained through modelling can be used for 
predictive microbiology. Overall, the results of this study establish vacuum steam pasteurization 
as an effective processing tool.  
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FUTURE STUDIES 
 This research study showed that vacuum steam pasteurization is effective at inactivation 
of Salmonella and E. coli O157:H7 on low moisture foods without any negative impact on 
microbial shelf life and water activity. Therefore, vacuum steam pasteurization can be considered 
as an alternative pasteurization method to other methods such as heat and irradiation. Further 
investigation on inactivation of pathogens on nuts and other seeds will showcase its inactivation 
potential to a greater extent. In addition, scale up for pasteurization of large quantities of low 
moisture food commodities using vacuum steam pasteurization needs to be investigated. The 
food industry can use the results obtained through this study as a guidance to select appropriate 
pasteurization parameters for treatment of low moisture foods. The industry should also be able 
to use E. faecium as a surrogate for Salmonella and E. coli O157:H7. Studies have shown that 
reduction in pathogens is dependent upon several factors such as initial inoculum levels, aw of 
products, and strains of inoculated pathogens. Therefore, more studies are needed to understand 
the inactivation of pathogens as affected by inoculum levels, aw levels and different strains of 
pathogens. In addition, it would be beneficial to understand the underlying mechanisms for the 
survival of the pathogens during vacuum steam pasteurization. Overall, these studies would 
provide enhanced knowledge on inactivation of pathogens when using vacuum steam 
pasteurization. 
 
 
 
 
  75 
REFERENCES 
1. Painter JA, Hoekstra RM, Ayers T, Tauxe RV, Braden CR, Angulo FJ, Griffin PM. 
2013. Attribution of foodborne illnesses, hospitalizations, and deaths to food 
commodities by using outbreak data, United States, 1998-2008. Emerg Infect Dis 19:407-
415. 
 
2. Neil KP, Biggerstaff G, MacDonald JK, Trees E, Medus C, Musser KA, Stroika SG, 
Zink D, Sotir MJ. 2012. A novel vehicle for transmission of Escherichia coli O157:H7 
to humans: multistate outbreak of E. coli O157:H7 infections associated with 
consumption of ready-to-bake commercial prepackaged cookie dough--United States, 
2009. Clin Infect Dis 54:511-518. 
 
3. Podolak R, Enache E, Stone W, Black DG, Elliott PH. 2010. Sources and risk factors 
for contamination, survival, persistence, and heat resistance of Salmonella in low-
moisture foods. J Food Prot 73:1919-1936. 
 
4. Beuchat LR, Mann DA. 2011. Inactivation of Salmonella on Pecan Nutmeats by Hot 
Air Treatment and Oil Roasting. Journal of Food Protection 74:1441-1450. 
 
5. Archer J, Jervis ET, Bird J, Gaze JE. 1998. Heat resistance of Salmonella weltevreden 
in low-moisture environments. J Food Prot 61:969-973. 
 
6. Ban GH, Kang DH. 2016. Effectiveness of superheated steam for inactivation of 
Escherichia coli O157:H7, Salmonella Typhimurium, Salmonella Enteritidis phage type 
30, and Listeria monocytogenes on almonds and pistachios. Int J Food Microbiol 220:19-
25. 
 
7. Hertwig C, Reineke K, Ehlbeck J, Knorr D, Schlueter O. 2015. Decontamination of 
whole black pepper using different cold atmospheric pressure plasma applications. Food 
Control 55:221-229. 
 
8. Sun S, Anderson NM, Keller S. 2014. Atmospheric pressure plasma treatment of black 
peppercorns inoculated with Salmonella and held under controlled storage. J Food Sci 
79:E2441-2446. 
 
9. Jeong S, Marks BP, Orta-Ramirez A. 2009. Thermal Inactivation Kinetics for 
Salmonella Enteritidis PT30 on Almonds Subjected to Moist-Air Convection Heating. 
Journal of Food Protection 72:1602-1609. 
 
10. Jeong S, Marks BP, Ryser ET, Harte JB. 2012. The effect of X-ray irradiation on 
Salmonella inactivation and sensory quality of almonds and walnuts as a function of 
water activity. Int J Food Microbiol 153:365-371. 
 
11. Boddy L, Wimpenny J. 1992. Ecological concepts in food microbiology. Journal of 
Applied Bacteriology 73. 
  76 
12. Albert I, Mafart P. 2005. A modified Weibull model for bacterial inactivation. Int J 
Food Microbiol 100:197-211. 
 
13. Geeraerd AH, Herremans CH, Van Impe JF. 2000. Structural model requirements to 
describe microbial inactivation during a mild heat treatment. Int J Food Microbiol 
59:185-209. 
 
14. Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy SL, Jones JL, 
Griffin PM. 2011. Foodborne illness acquired in the United States--major pathogens. 
Emerg Infect Dis 17:7-15. 
 
15. CDC. 2015.  Reports of Selected Salmonella Outbreak Investigations. 
http://www.cdc.gov/salmonella/outbreaks.html. Accessed 2015. 
 
16. FDA. 2015.  Recalls, Market Withdrawals, & Safety Alerts. 
http://www.fda.gov/Safety/Recalls/. Accessed 2015. 
 
17. Heiman KE, Mody RK, Johnson SD, Griffin PM, Gould LH. 2015. Escherichia coli 
O157 Outbreaks in the United States, 2003-2012. Emerg Infect Dis 21:1293-1301. 
 
18. Dey M, Mayo JA, Saville D, Wolyniak C, Klontz KC. 2013. Recalls of foods due to 
microbiological contamination classified by the U.S. Food and Drug Administration, 
fiscal years 2003 through 2011. J Food Prot 76:932-938. 
 
19. Farmer JJI. 1995. Enterobacteriaceae: Introduction and identification. Manual of 
clinical microbiology, Sixth edition:438-449. 
 
20. Dolman CE. 1969. Theobald Smith, 1859-1934. Life and work. N Y State J Med 
69:2801-2816. 
 
21. Gould LH, Walsh KA, Vieira AR, Herman K, Williams IT, Hall AJ, Cole D, 
Prevention CfDCa. 2013. Surveillance for foodborne disease outbreaks - United States, 
1998-2008. MMWR Surveill Summ 62:1-34. 
 
22. Chiu CH, Su LH, Chu C. 2004. Salmonella enterica serotype Choleraesuis: 
epidemiology, pathogenesis, clinical disease, and treatment. Clin Microbiol Rev 17:311-
322. 
 
23. Hockin JC, Daoust JY, Bowering D, Jessop JH, Khanna B, Lior H, Milling ME. 
1989. An international outbreak of Salmonella-nima from imported chocolate. Journal of 
Food Protection 52:51-54. 
 
24. Kasuga F, Hirota M, Wada M, Yunokawa T, Toyofuku H, Shibatsuji M, Michino H, 
Kuwasaki T, Yamamoto S, Kumagai S. 2004. Archiving of food samples from 
restaurants and caterers--quantitative profiling of outbreaks of foodborne salmonellosis in 
Japan. J Food Prot 67:2024-2032. 
  77 
25. Teunis PF, Kasuga F, Fazil A, Ogden ID, Rotariu O, Strachan NJ. 2010. Dose-
response modeling of Salmonella using outbreak data. Int J Food Microbiol 144:243-249. 
 
26. Riley LW, Remis RS, Helgerson SD, McGee HB, Wells JG, Davis BR, Hebert RJ, 
Olcott ES, Johnson LM, Hargrett NT, Blake PA, Cohen ML. 1983. Hemorrhagic 
colitis associated with a rare Escherichia coli serotype. N Engl J Med 308:681-685. 
 
27. Bell BP, Goldoft M, Griffin PM, Davis MA, Gordon DC, Tarr PI, Bartleson CA, 
Lewis JH, Barrett TJ, Wells JG. 1994. A multistate outbreak of Escherichia coli 
O157:H7-associated bloody diarrhea and hemolytic uremic syndrome from hamburgers. 
The Washington experience. JAMA 272:1349-1353. 
 
28. Rangel JM, Sparling PH, Crowe C, Griffin PM, Swerdlow DL. 2005. Epidemiology 
of Escherichia coli O157:H7 outbreaks, United States, 1982-2002. Emerg Infect Dis 
11:603-609. 
 
29. Benjamin LA, Jay-Russell MT, Atwill ER, Cooley MB, Carychao D, Larsen RE, 
Mandrell RE. 2015. Risk factors for Escherichia coli O157 on beef cattle ranches 
located near a major produce production region. Epidemiol Infect 143:81-93. 
 
30. LeJeune JT, Besser TE, Hancock DD. 2001. Cattle water troughs as reservoirs of 
Escherichia coli O157. Applied and Environmental Microbiology 67:3053-3057. 
 
31. Jay MT, Cooley M, Carychao D, Wiscomb GW, Sweitzer RA, Crawford-Miksza L, 
Farrar JA, Lau DK, O'Connell J, Millington A, Asmundson RV, Atwill ER, 
Mandrell RE. 2007. Escherichia coli O157:H7 in feral swine near spinach fields and 
cattle, central California coast. Emerg Infect Dis 13:1908-1911. 
 
32. Elder RO, Keen JE, Siragusa GR, Barkocy-Gallagher GA, Koohmaraie M, 
Laegreid WW. 2000. Correlation of enterohemorrhagic Escherichia coli O157 
prevalence in feces, hides, and carcasses of beef cattle during processing. Proc Natl Acad 
Sci U S A 97:2999-3003. 
 
33. Tuttle J, Gomez T, Doyle MP, Wells JG, Zhao T, Tauxe RV, Griffin PM. 1999. 
Lessons from a large outbreak of Escherichia coli O157:H7 infections: insights into the 
infectious dose and method of widespread contamination of hamburger patties. 
Epidemiol Infect 122:185-192. 
 
34. Hara-Kudo Y, Takatori K. 2011. Contamination level and ingestion dose of foodborne 
pathogens associated with infections. Epidemiol Infect 139:1505-1510. 
 
35. Scharff RL. 2012. Economic burden from health losses due to foodborne illness in the 
United States. J Food Prot 75:123-131. 
 
36. Goepfert JM, Iskander IK, Amundson CH. 1970. Relation of the heat resistance of 
salmonellae to the water activity of the environment. Appl Microbiol 19:429-433. 
  78 
37. Mattick KL, Jørgensen F, Wang P, Pound J, Vandeven MH, Ward LR, Legan JD, 
Lappin-Scott HM, Humphrey TJ. 2001. Effect of challenge temperature and solute 
type on heat tolerance of Salmonella serovars at low water activity. Appl Environ 
Microbiol 67:4128-4136. 
 
38. SCOTT WJ. 1953. Water relations of Staphylococcus aureus at 30 degrees C. Aust J 
Biol Sci 6:549-564. 
 
39. Farakos SMS, Frank JF, Schaffner DW. 2013. Modeling the influence of temperature, 
water activity and water mobility on the persistence of Salmonella in low-moisture foods. 
International Journal of Food Microbiology 166:280-293. 
 
40. Kimber MA, Kaur H, Wang L, Danyluk MD, Harris LJ. 2012. Survival of 
Salmonella, Escherichia coli O157:H7, and Listeria monocytogenes on inoculated 
almonds and pistachios stored at -19, 4, and 24° C. J Food Prot 75:1394-1403. 
 
41. Rayman MK, Daoust JY, Aris B, Maishment C, Wasik R. 1979. Survival of 
microorganisms in stored pasta. Journal of Food Protection 42:330-334. 
 
42. Lehmacher A, Bockemuhl J, Aleksic S. 1995. Nationwide outbreak of human 
salmonellosis in Germany due to contaminated paprika and paprika-powdered potato 
chips. Epidemiology and Infection 115:501-511. 
 
43. Beuchat LR, Scouten AJ. 2002. Combined effects of water activity, temperature and 
chemical treatments on the survival of Salmonella and Escherichia coli O157:H7 on 
alfalfa seeds. J Appl Microbiol 92:382-395. 
 
44. Gruzdev N, Pinto R, Sela Saldinger S. 2012. Persistence of Salmonella enterica during 
dehydration and subsequent cold storage. Food Microbiol 32:415-422. 
 
45. Abd SJ, McCarthy KL, Harris LJ. 2012. Impact of storage time and temperature on 
thermal inactivation of Salmonella Enteritidis PT 30 on oil-roasted almonds. J Food Sci 
77:M42-47. 
 
46. Shachar D, Yaron S. 2006. Heat tolerance of Salmonella enterica serovars Agona, 
Enteritidis, and Typhimurium in peanut butter. J Food Prot 69:2687-2691. 
 
47. Csonka LN, Hanson AD. 1991. Prokaryotic osmoregulation: genetics and physiology. 
Annu Rev Microbiol 45:569-606. 
 
48. Threlfall EJ, Chart H, Ward LR, de Sa JD, Rowe B. 1993. Interrelationships between 
strains of Salmonella enteritidis belonging to phage types 4, 7, 7a, 8, 13, 13a, 23, 24 and 
30. J Appl Bacteriol 75:43-48. 
 
49. Chart H, Ward LR, Rowe B. 1991. Expression of lipopolysaccharide by phage types of 
Salmonella-enteritidis. Letters in Applied Microbiology 13:39-41. 
  79 
50. Chung YH, Kwon YI, Kim SY, Kim SH, Lee BK, Chang YH. 2004. Antimicrobial 
susceptibilities and epidemiological analysis of Salmonella Enteritidis isolates in Korea 
by phage typing and pulsed-field gel electrophoresis. Journal of Food Protection 67:264-
270. 
 
51. Goodridge LD, Willford J, Kalchayanand N. 2006. Destruction of Salmonella 
Enteriditis inoculated onto raw almonds by high hydrostatic pressure. Food Research 
International 39:408-412. 
 
52. Bari ML, Nei D, Sotome I, Nishina I, Isobe S, Kawamoto S. 2009. Effectiveness of 
Sanitizers, Dry Heat, Hot Water, and Gas Catalytic Infrared Heat Treatments to 
Inactivate Salmonella on Almonds. Foodborne Pathogens and Disease 6:953-958. 
 
53. Gao M, Tang J, Villa-Rojas R, Wang Y, Wang S. 2011. Pasteurization process 
development for controlling Salmonella in in-shell almonds using radio frequency 
energy. Journal of Food Engineering 104:299-306. 
 
54. Michino H, Araki K, Minami S, Takaya S, Sakai N, Miyazaki M, Ono A, Yanagawa 
H. 1999. Massive outbreak of Escherichia coli O157:H7 infection in schoolchildren in 
Sakai City, Japan, associated with consumption of white radish sprouts. Am J Epidemiol 
150:787-796. 
 
55. Willems RJ, Top J, van Den Braak N, van Belkum A, Endtz H, Mevius D, 
Stobberingh E, van Den Bogaard A, van Embden JD. 2000. Host specificity of 
vancomycin-resistant Enterococcus faecium. J Infect Dis 182:816-823. 
 
56. Cattoir V, Giard JC. 2014. Antibiotic resistance in Enterococcus faecium clinical 
isolates. Expert Rev Anti Infect Ther 12:239-248. 
 
57. Kopit LM, Kim EB, Siezen RJ, Harris LJ, Marco ML. 2014. Safety of the surrogate 
microorganism Enterococcus faecium NRRL B-2354 for use in thermal process 
validation. Appl Environ Microbiol 80:1899-1909. 
 
58. Baranyi J, Roberts TA. 1995. Mathematics of predictive food microbiology. 
International Journal of Food Microbiology 26:199-218. 
 
59. Schaffner DW. 2013. Utilization of Mathematical Models To Manage Risk of Holding 
Cold Food without Temperature Control. Journal of Food Protection 76:1085-1094. 
 
60. Baker DA. 1995. Application of modeling in HACCP plan development. International 
Journal of Food Microbiology 25:251-261. 
 
61. Walls I, Scott VN. 1997. Use of predictive microbiology in microbial food safety risk 
assessment. International Journal of Food Microbiology 36:97-102. 
 
  80 
62. Foegeding PM. 1997. Driving predictive modelling on a risk assessment path for 
enhanced food safety. International Journal of Food Microbiology 36:87-95. 
 
63. Postollec F, Mathot AG, Bernard M, Divanac'h ML, Pavan S, Sohier D. 2012. 
Tracking spore-forming bacteria in food: from natural biodiversity to selection by 
processes. Int J Food Microbiol 158:1-8. 
 
64. Mantzourani I, Plessas S, Saxami G, Alexopoulos A, Galanis A, Bezirtzoglou E. 
2014. Study of kefir grains application in sourdough bread regarding rope spoilage 
caused by Bacillus spp. Food Chem 143:17-21. 
 
65. Kuge T, Kitamura S. 1985. Annealing of starch granules using warm water treatment 
and heat-moisture treatment. J Jpn Soc Starch Sci 82:65-83. 
 
66. Donovan J, Lorenz K, Kulp K. 1983. Differential scanning calorimetry of heat-
moisture treated wheat and potato starches. Cereal Chemistry (USA). 
 
67. Carraro J, Dantas M, Espeschit A, Martino H, Ribeiro S. 2012. Flaxseed and Human 
Health: Reviewing Benefits and Adverse Effects. Food Reviews International 28:203-
230. 
 
68. Su L, Yin J, Charles D, Zhou K, Moore J, Yu L. 2007. Total phenolic contents, 
chelating capacities, and radical-scavenging properties of black peppercorn, nutmeg, 
rosehip, cinnamon and oregano leaf. Food Chemistry 100:990-997. 
 
69. Okarter N, Liu R. 2010. Health Benefits of Whole Grain Phytochemicals. Critical 
Reviews in Food Science and Nutrition 50:193-208. 
 
70. Nascimento MaS, Brum DM, Pena PO, Berto MI, Efraim P. 2012. Inactivation of 
Salmonella during cocoa roasting and chocolate conching. Int J Food Microbiol 159:225-
229. 
 
71. Waje CK, Kim HK, Kim KS, Todoriki S, Kwon JH. 2008. Physicochemical and 
microbiological qualities of steamed and irradiated ground black pepper (Piper nigrum 
L.). J Agric Food Chem 56:4592-4596. 
 
72. FDA. Update 3/17/2016. FDA Food Safety Modernization Act (FSMA). 
 
73. ABC. 2007. Guidelines for Using Enterococcus faecium NRRL B-2354 as a Surrogate 
Microorganism in Almond Process Validation, vol 1.2. 
 
74. Jeong S, Marks BP, Ryser ET. 2011. Quantifying the performance of Pediococcus sp. 
(NRRL B-2354: Enterococcus faecium) as a nonpathogenic surrogate for Salmonella 
Enteritidis PT30 during moist-air convection heating of almonds. J Food Prot 74:603-
609. 
  81 
75. Geeraerd AH, Valdramidis VP, Van Impe JF. 2005. GInaFiT, a freeware tool to assess 
non-log-linear microbial survivor curves. Int J Food Microbiol 102:95-105. 
 
76. den Besten HM, Mataragas M, Moezelaar R, Abee T, Zwietering MH. 2006. 
Quantification of the effects of salt stress and physiological state on thermotolerance of 
Bacillus cereus ATCC 10987 and ATCC 14579. Appl Environ Microbiol 72:5884-5894. 
 
77. National Advisory Committee on Microbiological Criteria for F. 2010. Parameters for 
determining inoculated pack/challenge study protocols. Journal of food protection 
73:140-202. 
 
78. Schaffner DW, Buchanan RL, Calhoun S, Danyluk MD, Harris LJ, Djordjevic D, 
Whiting RC, Kottapalli B, Wiedmann M. 2013. Issues To Consider When Setting 
Intervention Targets with Limited Data for Low-Moisture Food Commodities: A Peanut 
Case Study. Journal of Food Protection 76:360-369. 
 
79. Danyluk MD, Uesugi AR, Harris LJ. 2005. Survival of Salmonella enteritidis PT 30 on 
inoculated almonds after commercial fumigation with propylene oxide. J Food Prot 
68:1613-1622. 
 
80. Enache E, Kataoka A, Black DG, Napier CD, Podolak R, Hayman MM. 2015. 
Development of a Dry Inoculation Method for Thermal Challenge Studies in Low-
Moisture Foods by Using Talc as a Carrier for Salmonella and a Surrogate (Enterococcus 
faecium). J Food Prot 78:1106-1112. 
 
81. Blessington T, Theofel CG, Harris LJ. 2013. A dry-inoculation method for nut kernels. 
Food Microbiol 33:292-297. 
 
82. Bowman LS, Waterman KM, Williams RC, Ponder MA. 2015. Inoculation 
Preparation Affects Survival of Salmonella enterica on Whole Black Peppercorns and 
Cumin Seeds Stored at Low Water Activity. J Food Prot 78:1259-1265. 
 
83. Uesugi AR, Danyluk MD, Harris LJ. 2006. Survival of Salmonella enteritidis phage 
type 30 on inoculated almonds stored at -20, 4, 23, and 35 degrees C. J Food Prot 
69:1851-1857. 
 
84. Chang SS, Han AR, Reyes-De-Corcuera JI, Powers JR, Kang DH. 2010. Evaluation 
of steam pasteurization in controlling Salmonella serotype Enteritidis on raw almond 
surfaces. Lett Appl Microbiol 50:393-398. 
 
85. Lee SY, Oh SW, Chung HJ, Reyes-De-Corcuera JI, Powers JR, Kang DH. 2006. 
Reduction of Salmonella enterica serovar enteritidis on the surface of raw shelled 
almonds by exposure to steam. J Food Prot 69:591-595. 
 
86. Ukuku DO, Fan X, Kozempel MF. 2006. Effect of vacuum-steam-vacuum treatment on 
microbial quality of whole and fresh-cut cantaloupe. J Food Prot 69:1623-1629. 
  82 
87. Dorman HJD, Deans SG. 2000. Antimicrobial agents from plants: antibacterial activity 
of plant volatile oils. Journal of Applied Microbiology 88:308-316. 
 
88. Shan B, Cai YZ, Sun M, Corke H. 2005. Antioxidant capacity of 26 spice extracts and 
characterization of their phenolic constituents. Journal of Agricultural and Food 
Chemistry 53:7749-7759. 
 
89. Ivarsson C. 2011. Nut pasteurization: minimising impact on appearance, colour and 
flavor. AgroFood Industry Hi-Tech 22:22-24. 
 
90. Bianchini A, Stratton J, Weier S, Hartter T, Plattner B, Rokey G, Hertzel G, 
Gompa L, Martinez B, Eskridge KM. 2014. Use of Enterococcus faecium as a 
surrogate for Salmonella enterica during extrusion of a balanced carbohydrate-protein 
meal. J Food Prot 77:75-82. 
 
91. Ceylan E, Bautista DA. 2015. Evaluating Pediococcus acidilactici and Enterococcus 
faecium NRRL B-2354 as Thermal Surrogate Microorganisms for Salmonella for In-
Plant Validation Studies of Low-Moisture Pet Food Products. J Food Prot 78:934-939. 
 
92. Nauta MJ. 2002. Modelling bacterial growth in quantitative microbiological risk 
assessment: is it possible? Int J Food Microbiol 73:297-304. 
 
93. Chick H. 1908. An investigation of the laws of disinfection. Journal of Hygiene 8:92-
158. 
 
94. Harris LJ, Uesugi AR, Abd SJ, McCarthy KL. 2012. Survival of Salmonella 
Enteritidis PT 30 on inoculated almond kernels in hot water treatments. Food Research 
International 45:1093-1098. 
 
95. Ma L, Zhang G, Gerner-Smidt P, Mantripragada V, Ezeoke I, Doyle MP. 2009. 
Thermal inactivation of Salmonella in peanut butter. J Food Prot 72:1596-1601. 
 
96. Toure A, Xu X. 2010. Flaxseed Lignans: Source, Biosynthesis, Metabolism, Antioxidant 
Activity, Bio-Active Components, and Health Benefits. Comprehensive Reviews in Food 
Science and Food Safety 9:261-269. 
 
97. Jenkins DJ, Kendall CW, Vidgen E, Agarwal S, Rao AV, Rosenberg RS, Diamandis 
EP, Novokmet R, Mehling CC, Perera T, Griffin LC, Cunnane SC. 1999. Health 
aspects of partially defatted flaxseed, including effects on serum lipids, oxidative 
measures, and ex vivo androgen and progestin activity: a controlled crossover trial. Am J 
Clin Nutr 69:395-402. 
 
98. Udenigwe CC, Aluko RE. 2010. Antioxidant and angiotensin converting enzyme-
inhibitory properties of a flaxseed protein-derived high Fischer ratio peptide mixture. J 
Agric Food Chem 58:4762-4768. 
  83 
99. Petit HV, Germiquet C, Lebel D. 2004. Effect of feeding whole, unprocessed sunflower 
seeds and flaxseed on milk production, milk composition, and prostaglandin secretion in 
dairy cows. J Dairy Sci 87:3889-3898. 
 
100. Gonzalez-Esquerra R, Leeson S. 2001. Alternatives for enrichment of eggs and chicken 
meat with omega-3 fatty acids. Canadian Journal of Animal Science 81:295-305. 
 
101. Singh KK, Mridula D, Rehal J, Barnwal P. 2011. Flaxseed: a potential source of food, 
feed and fiber. Crit Rev Food Sci Nutr 51:210-222. 
 
102. Lee RE, Manthey FA, Hall CA. 2003. Effects of boiling, refrigerating, and microwave 
heating on cooked quality and stability of lipids in macaroni containing ground flaxseed. 
Cereal Chemistry 80:570-574. 
 
103. Manthey FA, Lee RE, Hall CA. 2002. Processing and cooking effects on lipid content 
and stability of alpha-linolenic acid in spaghetti containing ground flaxseed. J Agric Food 
Chem 50:1668-1671. 
 
104. Mridula D, Singh KK, Barnwal P. 2013. Development of omega-3 rich energy bar with 
flaxseed. Journal of Food Science and Technology-Mysore 50:950-957. 
 
105. Lynch MF, Tauxe RV, Hedberg CW. 2009. The growing burden of foodborne 
outbreaks due to contaminated fresh produce: risks and opportunities. Epidemiol Infect 
137:307-315. 
 
106. Geldreic.Ee, Bordner RH. 1971. Fecal contamination of fruits and vegetables during 
cultivation and processing for market- review. Journal of Milk and Food Technology 
34:184-&. 
 
107. Rosenkvist H, Hansen A. 1995. Contamination profiles and characterisation of Bacillus 
species in wheat bread and raw materials for bread production. Int J Food Microbiol 
26:353-363. 
 
108. Thompson JM, Dodd CER, Waites WM. 1993. Spoilage of bread by Bacillus. 
International Biodeterioration & Biodegradation 32:55-66. 
 
109. Nicholson WL, Munakata N, Horneck G, Melosh HJ, Setlow P. 2000. Resistance of 
Bacillus endospores to extreme terrestrial and extraterrestrial environments. Microbiol 
Mol Biol Rev 64:548-572. 
 
110. Granum PE, Lund T. 1997. Bacillus cereus and its food poisoning toxins. Fems 
Microbiology Letters 157:223-228. 
 
111. Frazier WC, Westhoff DC. 1978. Food microbiology. Food microbiology:xvi + 540pp.-
xvi + 540pp. 
  84 
112. Suhr KI, Nielsen PV. 2005. Inhibition of fungal growth on wheat and rye bread by 
modified atmosphere packaging and active packaging using volatile mustard essential oil. 
Journal of Food Science 70:M37-M44. 
 
113. Schorno AL, Manthey FA, Hall CA. 2009. Effect of seed moisture content on flaxseed 
(Linum usitatissimum L.) milling and milled product characteristics. Journal of the 
Science of Food and Agriculture 89:2317-2322. 
 
114. Pohjanheimo TA, Hakala MA, Tahvonen RL, Salminen SJ, Kallio HP. 2006. 
Flaxseed in breadmaking: Effects on sensory quality, aging, and composition of bakery 
products. Journal of Food Science 71:S343-S348. 
 
115. in't Veld JHH. 1996. Microbial and biochemical spoilage of foods: an overview. 
International Journal of Food Microbiology 33:1-18. 
 
116. Sperber WH, Group NAMAMW. 2007. Role of microbiological guidelines in the 
production and commercial use of milled cereal grains: a practical approach for the 21st 
century. J Food Prot 70:1041-1053. 
 
117. Pitt JI, Hocking AD, Diane A. 2009. Fungi and food spoilage, vol 519. Springer. 
 
118. Filtenborg O, Frisvad JC, Thrane U. 1996. Moulds in food spoilage. International 
journal of food microbiology 33:85-102. 
 
119. Legan J. 1993. Mould spoilage of bread: the problem and some solutions. International 
Biodeterioration & Biodegradation 32:33-53. 
 
120. Moon NJ. 1983. Inhibition of the growth of acid tolerant yeasts by acetate, lactate and 
propionate and their synergistic mixtures. Journal of applied Bacteriology 55:453-460. 
 
121. Paster N. 1979. A commercial scale study of the efficiency of propionic acid and 
calcium propionate as fungistats in poultry feed. Poultry Science 58:572-576. 
 
122. Dababneh BF. 2013. An innovative microwave process for microbial decontamination 
of spices and herbs. African Journal of Microbiology Research 7:636-645. 
 
123. Wu J, Doan H, Cuenca MA. 2006. Investigation of gaseous ozone as an anti‐fungal 
fumigant for stored wheat. Journal of Chemical Technology and biotechnology 81:1288-
1293. 
 
124. Allen B, Wu J, Doan H. 2003. Inactivation of fungi associated with barley grain by 
gaseous ozone. Journal of Environmental Science and Health, Part B 38:617-630. 
 
125. Kramer JM, Gilbert RJ. 1989. Bacillus cereus and other Bacillus species. Foodborne 
bacterial pathogens 19:21-70. 
 
  85 
126. Beecher DJ, Macmillan J. 1991. Characterization of the components of hemolysin BL 
from Bacillus cereus. Infection and immunity 59:1778-1784. 
 
127. Lund T, Granum PE. 1996. Characterisation of a non-haemolytic enterotoxin complex 
from Bacillus cereus isolated after a foodborne outbreak. FEMS microbiology letters 
141:151-156. 
 
128. Lund T, De Buyser ML, Granum PE. 2000. A new cytotoxin from Bacillus cereus that 
may cause necrotic enteritis. Molecular microbiology 38:254-261. 
 
129. Molin G, Östlund K. 1975. Dry-heat inactivation of Bacillus subtilis spores by means of 
infra-red heating. Antonie van Leeuwenhoek 41:329-335. 
 
130. Akbas MY, Ozdemir M. 2006. Effectiveness of ozone for inactivation of Escherichia 
coli and Bacillus cereus in pistachios. International journal of food science & technology 
41:513-519. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  86 
APPENDIX. TABLES AND FIGURES 
 
Table A1. Observed bacterial counts after inoculation and storage for three days 
Product Type Bacteria Day 0  
(CFU/g)a 
Day 1 Day2 
(CFU/g)a 
Day 3 
(CFU/g)a 
(CFU/g)a 
flaxseed whole SalmonellaPT 30 8.20 ± 0.2 8.04 ± 0.1 7.69 ± 0.3 7.77 ± 0.2 
E. coli  O157:H7 7.36 ± 0.1 6.64 ± 0.1 6.93 ± 0.1 6.73 ± 0.0 
E. faecium 6.60 ± 0.1 6.32 ± 0.1 6.41 ± 0.2 6.50 ± 0.1 
quinoa SalmonellaPT 30 8.39 ± 0.1 8.05 ± 0.1 8.04 ± 0.1 7.98 ± 0.2 
E. coli  O157:H7 8.06 ± 0.1 7.98 ± 0.1 7.86 ± 0.1 7.88 ± 0.1 
E. faecium 6.96± 0.0 6.83 ± 0.1 7.11 ± 0.3 6.80 ± 0.1 
sunflower kernel SalmonellaPT 30 8.40 ± 0.0 8.33 ± 0.0 8.36 ± 0.1 8.40 ± 0.0 
E. coli  O157:H7 8.26 ± 0.2 7.89 ± 0.1 7.96 ± 0.1 7.83 ± 0.1 
E. faecium 7.96 ± 0.0 7.80 ± 0.2 7.91 ± 0.1 7.90 ± 0.1 
milled flaxseed SalmonellaPT 30 7.56 ± 0.0 7.62 ± 0.1 7.60 ± 0.1 7.48 ± 0.1 
black peppercorns SalmonellaPT 30 7.71 ± 0.1 7.43± 0.1 7.39 ± 0.1 7.42 ± 0.1 
adenotes average counts with standard deviation for each bacteria at each day 
 
Table A2. Heat resistance test on food matrices after aw equilibration provided <2.5 log CFU/g 
reduction after treatment at 280F for 15 minutes 
Product Type Bacteria Log reduction 
(CFU/g)a 
whole flaxseed SalmonellaPT 30 0.93 ± 0.34 
E. coli  O157:H7 2.49 ± 0.40 
E. faecium 0.89 ± 0.20 
quinoa SalmonellaPT 30 1.22 ± 0.22 
E. coli  O157:H7 2.21 ± 0.12 
E. faecium 1.02 ± 0.04 
sunflower kernels SalmonellaPT 30 0.85 ± 0.09 
E. coli  O157:H7 1.79 ± 0.17 
E. faecium 0.59 ± 0.13 
milled flaxseed  SalmonellaPT 30 1.33 ± 0.20 
black peppercorns SalmonellaPT 30 2.0 ± 0.35 
a denotes average log reduction with standard deviation for each bacteria for each type of food
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Table A3. Vacuum steam pasteurization parameters set during the inactivation experiments 
 
 Set parameters 
 
Product  
Fill      
volume   
(kg) 
Pre-    
heat 
temp   
(°C). 
Initial 
Vacuum 
Initial     
Vacuum     
Time  
(min) 
No. of    
Pre-
vacuums 
Pre-
vacuum 
Pressure-1  
Step 1(bar) 
Pre- 
vacuum 
Pressure-1  
Step 2(bar) 
Pre-
vacuum    
Pressure -2 
Step 1(bar) 
Pre- 
vacuum 
Pressure -2 
Step 2(bar) 
Paste
urizat
ion 
temp 
(°C) 
Post-  
vacuum  
Time 
(min) 
Post- 
vacuum 
Pressure 
(bar) 
whole 
flaxseed      
45 40 -0.9 
2 
0 - - - - 
75 
10 
-0.8 
85 -0.8 
95 -0.8 
105 -0.8 
quinoa 45 40 -0.9 0 - - - - 
75 -0.8 
85 -0.8 
95 -0.8 
105 -0.8 
sunflower 
kernel  
45 60 -0.91 1 
-0.62 -0.8 
- - 
75 -0.85 
-0.4 -0.8 85 -0.85 
-0.15 -0.8 95 -0.85 
0.2 -0.8 105 -0.85 
milled 
flaxseed  
22.5 50 -0.91 2 
-0.62 -0.9 -0.62 -0.9 75 -0.85 
-0.4 -0.9 -0.4 -0.9 85 -0.85 
-0.15 -0.8 -0.15 -0.8 95 -0.85 
0.2 -0.8 0.2 -0.8 105 -0.85 
black 
peppercorn  
22.5 40 -0.89 1 
-0.62 -0.88 
- - 
75 -0.8 
-0.45 -0.8 85 -0.8 
-0.15 -0.6 95 -0.85 
0.2 -0.4 105 -0.85 
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Table A4. Vacuum steam pasteurization temperatures and times measured during the inactivation 
experiments  
  Measured parameters 
Product  
Set Pre- 
Past-
eurization 
time 
(min)b 
Pre- 
Past-
eurization 
temp °Cc 
Past-
eurization 
temperature 
°Cd 
Post- 
Past-
eurization 
time (min)e 
Post- 
Past-
eurization 
temperature 
°Cf 
Past-
eurizationt
emp(°C)a 
Whole 
flaxseed 
75 0.40 ± 0.3 63.13 ± 4.8 76.68 ± 1.8 11.71 ± 4.5 50.31 ± 4.7 
85 0.78 ± 0.5 70.55 ± 6.1 86.21 ± 1.7 12.03 ± 3.1 53.04 ± 6.4 
95 0.64 ± 0.5 76.01 ± 9.5 96.66 ± 2.4 14.86 ± 1.6 49.82 ± 2.2 
105 0.55 ± 0.3 85.22 ± 6.5 105.47 ± 2.2 13.93 ± 2.3 52.25 ± 1.1 
quinoa 75 1.04 ± 1.2 58.77 ± 8.9 75.39 ± 2.6 12.55 ± 1.1 49.46 ± 1.5 
85 2.20 ± 2.9 56.36 ± 12.8 85.68 ± 1.0 14.96 ± 5.9 51.49 ± 2.1 
95 1.16 ± 1.0 66.54 ± 8.9 97.57 ± 2.1 14.04 ± 1.2 55.55 ± 1.0 
105 0.83 ± 0.4 89.07 ± 6.5 106.64 ± 1.4 15.16 ± 2.2 58.90 ± 4.7 
sunflower 
kernel  
75 0.11 ± 0.0 68.71 ± 1.2 75.10 ± 2.1 11.29 ± 2.7 64.65 ± 1.1 
85 0.76 ± 0.4 73.28 ± 3.0 85.32 ± 1.7 12.91 ± 3.0 69.40 ± 3.0 
95 1.29 ± 0.7 79.59 ± 3.9 95.21 ± 0.6 13.88 ± 1.0 72.97 ± 1.4 
105 1.68 ± 0.3 85.97 ± 3.9 106.84 ± 1.3 13.15 ± 3.0 75.86 ± 2.7 
milled 
flaxseed  
75 2.10 ± 1.7 62.03 ± 6.6 81.67 ± 5.5 10.80 ± 5.0 59.98 ± 2.3 
85 2.97 ± 3.4 64.57 ± 6.0 86.47 ± 2.6 13.76 ± 1.1 61.09 ± 2.5 
95 1.85 ± 1.0 73.14 ± 8.3 97.15 ± 1.3 13.34 ± 1.8 62.02 ± 4.6 
105 2.60 ± 1.0 74.61 ± 9.6 107.88 ± 0.9 12.94 ± 3.8 65.16 ± 3.1 
black 
peppercorn  
75 2.61 ± 2.3 61.38 ± 4.3 73.30 ± 1.3 12.67 ± 0.9 54.29 ± 2.6 
85 1.93 ± 1.4 71.70 ± 6.3 83.68 ± 3.3 12.85 ± 0.6 56.55 ± 2.3 
95 1.57 ± 1.1 78.52 ± 8.9 95.00 ± 1.4 13.38 ± 0.4 60.46 ± 3.0 
105 1.74 ± 0.3 83.61 ± 1.3 108.67 ± 1.7 12.99 ± 2.6 64.60 ± 1.6 
a. Set-pasteurization temperature is the selected temperature for pasteurization experiments 
b. Pre-pasteurization time is the average time with standard deviation taken to reach from 
pre-heat temperature to set pasteurization temperature 
c. Pre-pasteurization temperature is average temperature with standard deviation during pre-
pasteurization time 
d. Pasteurization temperature is average temperature with standard deviation that was 
observed after reaching set pasteurization temperature for the amount of set 
pasteurization time. 
e. Post-pasteurization time is average time with standard deviation required for 
pasteurization temperature to lower to pre-pasteurization temperature 
f. Post-pasteurization temperature is average temperature with standard deviation during 
post-pasteurization time
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Table A5. Vacuum steam pasteurization conditions set during pasteurization of whole and milled flaxseed  
 Set parameters 
Product  
Fill 
volume 
(Kg) 
Pre- 
heat 
temp   
(°C) 
Initial 
Vacuum 
(bar) 
Initial  
Vacuum     
Time   
(min) 
No. of 
Pre- 
vacuums 
Pre- 
vacuum 
Pressure 
1  
Step 1 
(bar) 
Pre- 
vacuum 
Pressure 
1  
Step 2 
(bar) 
Pre- 
vacuum    
Pressure 
2            
Step 1 
(bar) 
Pre- 
vacuum 
Pressure 
2  
Step 2 
(bar) 
Past- 
eurization  
temp 
 (°C) 
Post-  
vacuum 
Time  
(min) 
Post- 
vacuum 
Pressure    
 (bar) 
Whole 
flaxseed              
45 40 -0.9 
2 
0 - - - - 
75 
10 
-0.8 
90 -0.8 
105 -0.8 
Milled 
flaxseed 
22.5 50 -0.91 2 
-0.62 -0.9 -0.62 -0.9 75 -0.85 
-0.4 -0.9 -0.3 -0.8 90 -0.85 
0.2 -0.8 0.2 -0.8 105 -0.85 
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Table A6. Parameters observed during pasteurization for the shelf life study 
a. Set-pasteurization temperature is the selected temperature for pasteurization experiments 
b. Pre-pasteurization time is the average time with standard deviation taken to reach from 
pre-heat temperature to set pasteurization temperature 
c. Pre-pasteurization temperature is average temperature with standard deviation during pre-
pasteurization time 
d. Pasteurization temperature is average temperature with standard deviation that was 
observed after reaching set pasteurization temperature for the amount of set 
pasteurization time. 
e. Post-pasteurization time is average time with standard deviation required for 
pasteurization temperature to lower to pre-pasteurization temperature 
f. Post-pasteurization temperature is average temperature with standard deviation during 
post-pasteurization time 
 
 
 
 
 
 
 
 
 
  
Measured parameters 
Product  
Set 
pasteurizatio
n condition 
(temp/time)a 
Pre- 
pasteurization 
time  
(min)b 
Pre- 
pasteurization 
temperature 
 (°C)c  
Pasteurization 
temperature  
(°C)d 
Post- 
pasteurization 
 time (min)e 
Post- 
pasteurization 
temperature  
(°C)f 
Whole 
flaxseed      
75°C/3min 0.26 ± 0.3 59.14 ± 26.6 74.36 ± 3.0 15.58± 48.88 ± 12.0 
90°C/3min 1.62 ± 2.2 63.31 ± 26.4 90.56 ± 2.2 14.36 ± 0.9 56.41 ± 19.2 
90°C/9min 2.09 ± 1.7 56.47 ± 18.4 89.61 ± 7.3 14.03 ± 1.1 55.09 ± 17.9 
105°C/3min 0.63 ± 0.5 80.21 ± 40.2 101.95 ± 3.0 14.84 ± 0.7 58.04 ± 24.2 
Milled 
flaxseed  
75°C/3min 0.86 ± 0.1 58.60 ± 13.0 75.85 ± 3.4 13.21 ± 1.0 59.62 ± 12.1 
90°C/3min 0.66 ± 0.2 75.85 ± 17.3 92.88 ± 2.5 13.52  ±0.7 59.91 ± 15.8 
90°C/9min 0.54 ± 0.0 75.76 ± 16.9 91.00 ± 4.0 13.92 ± 0.7 58.71 ± 16.1 
105°C/3min 2.34 ± 0.9 82.20 ± 26.0 108.51 ± 1.8 13.81 ± 0.3 64.47 ± 21.6 
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Figure A1. Schematic diagram showing details of vacuum steam pasteurization system used for 
the inactivation and shelf life study (source: Napasol North America, Fargo, ND) 
 
